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1.0 INTRODUCTION 
The study reported here deals with human factors aspects of high 
fidelity vehicle simulation. To adequately simulate a surface, air, or 
space vehicle with the operator in the loop requires that vehicle motions 
in six degrees of freedom be adequately represented as the operator outputs 
command and control actions. This entails reproducing position and its first 
two derivatives in six degrees of freedom via the sfmulation apparatus. 
The problem is that while a six degree of freedom simulator can be 
constructed, the structural details will constrain the cab to certain travel 
excursions in each axis. While acceleration characteristics of the vehicle 
in question can be produced depending on cab/structural mass and driving 
force, the resulting rates cannot be maintained indefinitely due to travel 
limits in all six axes. 
These limitations on cab travel for any given simulator thus place a 
restraint on the fidelity in terms of actual motion which can be presented 
to the operator. A theoretical approach to the solution of the problem 
rests on the nature of the human response to non-visual motion cues. Assuming 
that the simulation technique involves a cab-mounted visual display system 
(as opposed to external projection) then the problem becomes one of producing 
cab motions which approximate the real vehicle motion with an error not detect- 
able by the motion sensing capabilities of the operator. This approach 
involves commanding an "onset" cab acceleration which represents the initial 
acceleration profile of the actual vehicle and then nulling this acceleration. 
The real vehicle might maintain this acceleration and resulting velocity but 
the simulator cab cannot due to travel constraints. Therefore, the cab must 
be  brought t o  r e s t  a t  a  d e c e l e r a t i o n  n o t  p e r c e p t i b l e  t o  t h e  ope ra to r .  It 
should a l s o  be  re turned  t o  a  c e n t r a l  p o s i t i o n  on t h e  a x i s  i n  ques t ion  s o  t h a t  
t h e  system may respond t o  f u r t h e r  ope ra to r  commands. Such a procedure i s  gen- 
e r a l l y  r e fe r r ed  t o  a s  a  "washout technique". Its use depends on t h e  demonstrated 
f a c t  t h a t  t h e  human sensory system does n o t  d i r e c t l y  sense v e l o c i t y  o t h e r  than 
v i s u a l l y  and t h a t  t h e  response t o  a c c e l e r a t i o n  v i a  t h e  v e s t i b u l a r  system, limb 
p o s i t i o n ,  pressure  sens ing ,e t c .  presumably e x h i b i t s  a  threshold  e f f e c t ,  acce l -  
e r a t i o n  below some va lue  producing a  n e g l i g i b l e  p r o b a b i l i t y  of d e t e c t i o n  by 
t h e  opera tor .  
The va lues  of t h i s  t h re sho ld  f o r  t h e  va r ious  axes  should t h u s  se rve  a s  
upper l i m i t s  on a c c e l e r a t i o n s  produced by t h e  "washout technique" i n  order  t o  
prevent  spurious cues due t o  t h e  s imula to r  i t s e l f .  The threshold  va lues  thus 
cons t r a in  t h e  maximum a c c e l e r a t i o n  which can be used dur ing  "washout". 
The a p p l i c a t i o n  of washout techniques t o  v e h i c l e  s imula t ion  i s  a  t o p i c  
of cons iderable  c u r r e n t  i n t e r e s t  t o  those  involved i n  complex s imula t ion  a s  
a t t e s t e d  by t h e  f a c t  t h a t  a  r e c e n t  conference on s imula t ion  a t  NASA's Ames 
Research Center included papers  dea l ing  s p e c i f i c a l l y  wi th  washout methodology 
(Refs. 1,2;.  The i n t e r e s t  i n  washout techniques  r e f l e c t s  t h e  i n c r e a s i n g  
s o p h i s t i c a t i o n  of s imula t ion  i n  r ecen t  yea r s  - p a r t i c u l a r l y  i n  t h e  p i l o t  
t r a i n i n g  and p i l o t  performance r e sea rch  a r e a s .  Lack of  f i d e l i t y  of motion 
cues impacts t h e  v a l i d i t y  of obta ined  r e s u l t s  from s imula to r s  i n  a t  l e a s t  two 
ways. The ex i s t ence  of spur ious  cues s p e c i f i c  t o  t h e  s imula to r  may e l i c i t  
i n v a l i d  responses from t h e  experienced p i l o t .  I n  t h e  case  of p i l o t  t r a i n i n g ,  
they may c o n t r i b u t e  t o  " l ea rn ing  t o  f l y  t h e  s imula tor"  a s  opposed t o  l ea rn ing  
s k i l l s  which w i l l  r e a d i l y  t r a n s f e r  t o  t h e  r e a l  a i r c r a f t  s i t u a t i o n .  A second 
. 
e f f e c t  i s  t h a t  spur ious  cues presumably c o n t r i b u t e  t o  motion d i s tu rbance  
experienced by many s u b j e c t s  i n  s imula t ion  programs. Much of t h i s  d i f f i c u l t y  
is thought t o  d e r i v e  from t h e  f a c t  t h a t  t h e  motions of most r e a l  v e h i c l e s  
r e s u l t  i n  c o r r e l a t i o n s  o r  dependencies between t h e  v i s u a l  and v e s t i b u l a r  cues 
. . 
experienced by t h e i r  passengers .  With enough experience on t h e  r e a l  system, 
spur ious  cues would then  d i s t u r b  t h e  normal learned c o r r e l a t i o n s  when an 
experienced opera tor  i s  exposed t o  s imula t ion  of the  v e h i c l e  i n  ques t ion .  
The i n v e s t i g a t i o n  descr ibed  h e r e  was conducted us ing  t h e  General Purpose 
Simulator a t  NASA's Marshal l  Space F l i g h t  Center.  This  f a c i l i t y  i s  a s i x  
degree of freedom moving base  s imula to r  designed t o  s imula t e  a  wide range of 
veh ic l e s .  S tudies  conducted us ing  t h e  device have d e a l t , w i t h  aerodynamic 
v e h i c l e s ,  l una r  s u r f a c e  v e h i c l e s ,  and s u r f a c e  e f f e c t s  sh ips .  Some of t h e  
s ta te -of - the-ar t  f e a t u r e s  of t h e  MSFC genera l  purpose s imula to r  inc lude:  
. Wide ang le  v i s i o n  system (136 x  42 degrees)  
. Color v i s u a l  p r e s e n t a t i o n  
. A r t i c u l a t e d  Scheimpflug camera probe having i n f i n i t e  depth-of-f ield 
and r o l l ,  p i t c h ,  & yaw r o t a t i o n s  
. V i r t u a l  image p r o j e c t i o n  
, 40 x  15 f t  (12.2 x  4.6 m.) t e r r a i n  model 
. 3 degree-of-freedom camera gan t ry  
. 6 degree-of-freedom motion base  
. t r a n s l a t i o n  up t o  + 4 f t  (1.2 m.)  
. a t t i t u d e  up t o  - + 3T degrees 
The c u r r e n t  s tudy employed t h e  General Purpose Simulator  t o  s tudy motion 
cue thresholds  i n  t h r e e  axes  - f o r e l a f t  t r a n s l a t i o n ,  v e r t i c a l  t r a n s l a t i o n ,  
and p i t c h .  The s tudy was p a r t  of an e f f o r t  t o  provide adequate f i d e l i t y  t o  
employ t h e  s imula tor  i n  i n v e s t i g a t i o n s  of va r ious  v e h i c l e s  inc luding:  
. Automobiles and o t h e r  high v e h i c l e s  
. Surface e f f e c t  v e h i c l e s  
. Pub l i c  t r a n s p o r t a t i o n  v e h i c l e s  
. Fixed and r o t a r y  wing a i r c r a f t  
. STOL, VTOL, VSTOL a i r c r a f t  
. Commercial a i r c r a f t  
. O r b i t a l  v e h i c l e s  
The s tudy conducted h e r e  had two purposes - t o  provide f u r t h e r  gene ra l  
da t a  on non-visual motion th re sho lds  and t o  e s t a b l i s h  s p e c i f i c  threshold  va lues  
f o r  use as washout parameters i n  v e h i c l e  s imula t ion  us ing  t h e  ElSFC General 
Purpose Simulator .  Thus, t h e  d a t a  r epor t ed  s e r v e  both  a  s p e c i f i c  technology 
. 
development and a  gene ra l  r e sea rch  func t ion .  
A pre l iminary  review of t h e  a v a i l a b l e  d a t a  on t r a n s l a t i o n  and a t t i t u d e  
a c c e l e r a t i o n  th re sho lds  d i s c l o s e d  cons iderable  v a r i a t i o n  i n  r e s u l t s .  Some 
of t h e s e  r e s u l t s  have been suumarized by Huddleston (Ref. 3 ) .  A list of 
s e l e c t e d  th re sho ld  r e s u l t s  appears  i n  Table 1-1 p a r t l y  taken  from Huddleston 
and p a r t l y  from o t h e r  sources .  
Severa l  p o s s i b l e  exp lana t ions  f o r  t h e  observed v a r i a t i o n  i n  r e s u l t s  may 
be put  f o r t h .  These g e n e r a l l y  may be  c l a s s i f i e d  a s  d i f f e r e n c e s  between s u b j e c t s  
and d i f f e r e n c e s  i n  methods used by v a r i o u s  i n v e s t i g a t o r s .  Stewart (Ref. 11) 
has s t r e s s e d  t h e  i n d i v i d u a l  d i f f e r e n c e s  between s u b j e c t s  i n  a c c e l e r a t i o n  sens i -  
t i v i t y  and Clark and Stewart (Ref. 12)  have presented  da ta  on yaw thresholds  
2 
sugges t ing  a  range from .10 t o  3.20 degrees l sec  f o r  t h e  between-subject 
d i s t r i b u t i o n  us ing  a d e t e c t i o n  response method. Use of  t h e  b ~ u l o g y r a l  i l l u s i o n  
2  
was found t o  y i e l d  a  sma l l e r  range of from .01 t o  .60 degrees jsec  . While 
these  d a t a  c l e a r l y  i n d i c a t e  s u b s t a n t i a l  d i f f e r e n c e s  between s u b j e c t s  i n  terms 
of a c c e l e r a t i o n  s e n s i t i v i t y ,  d i f f e r e n c e s  i n  method a l s o  e x i s t .  
The g r e a t e r  s e n s i t i v i t y  of t h e  oculogyra l  i l l u s i o n  a s  opposed t o  dec tec t ion  
response methods i s  w e l l  i l l u s t r a t e d  i n  t h e  work of Stewart (Ref. 11) and Clark 
and Stewart  (Ref. 12) .  There i s  reison a l s o  t o  suppose t h a t  t h e  response 
method used f o r  d e t e c t i o n  responses may i n f l u e n c e  r e s u l t s .  The argument f o r  
t h e  method.of forced  choice is discussed  i n  Appendix I. I t  w i l l  s u f f i c e  t o  
no te  h e r e  t h a t  r ecogn i t ion  of t h e  b i a s  e f f e c t s  o r  dec i s ion  process on t h e  p a r t  
of observers  a s  a  s t r o n g  f a c t o r  i n  th re sho ld  measurement and the  development 




12.0 - 20.0 cm / s e c  2 
X 
20.0 - 80.0 cm / s e c  2 
1.0 - 3.0 cm / s e c  2 
12.0 - 20.0 cm / s e c  2 
L 
1.7  - 4.0 cm / s e c  
2 
1.0 - 5.0 cm / s e c  
4.0 - 12.0 cm / s e c  2 
6.0 - 15.0 cm / s e c  2 
cm / s e c  2 4.9 
P i t c h  4.0 deg/ s e c 2  (impulse v e l o c i t y )  
.67 deg/  s ec2  ( d e t e c t i o n  response)  
R o l l  
2  
4.0 deg/ s e c  (impulse v e l o c i t y )  
2  
. 41  deg/ s e c  ( d e t e c t i o n  response)  
Yaw 4.0 deg/ s ec2  (impulse v e l o c i t y )  
2  
.05- 2.2 deg/ s e c  ( d e t e c t i o n  response)  
Average - P i t c h ,  
Ro l l ,  Yaw .05- .28 deg/ s ec2  (oculogyra l  i l l u s i o n )  
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of appropr i a t e  s e n s i t i v i t y  measures has been c a r r i e d  out  s i n c e  t h e  e a r l y  1960s. 
E a r l i e r  t h re sho ld  s t u d i e s  have been ques t ioned  because of t h e s e  methodologic'al 
advances (Green and Swets, Ref. 13).  V a r i a b i l i t y  of r e s u l t s  due t o  sma l l  
methodological v a r i a t i o n s  - even i n  t h e  case  of l o g i c a l l y  equ iva len t  pro- 
cedures - has  been noted i n  e a r l i e r  t h re sho ld  s t u d i e s  f o r  many sensory  modes. 
For t h i s  reason,  i t  i s  tenable  t o  suppose t h a t  pre-1960 a c c e l e r a t i o n  th re sho ld  
s t u d i e s  may have produced v a r i a b l e  r e s u l t s  due t o  f a i l u r e  t o  c o n t r o l  observer  
dec i s ion  processes.  It should b e  noted t h a t  t h e  work of Stewart  (Ref. 11)  and 
Clark and Stewart (Ref. 1 2 ) ,  however, i s  f r e e  of t h i s  de f i c i ency  s i n c e  they  
employed t h e  method of fo rced  choice.  
The purpose of t h e  c u r r e n t  s tudy ,  t hen ,  was t o  e s t a b l i s h  o r  confirm 
pe rmiss ib l e  v e l o c i t y  change r a t e s  f o r  s p e c i f i c  a p p l i c a t i o n  i n  washout tech- 
nology f o r  use i n  the  MSFC General Purpose Simulator .  One f e a t u r e  of t h i s  
s imula to r ,  a s  noted p rev ious ly ,  is a s ta te -of - the-ar t  v i s u a l  system. Washout 
of t r a n s l a t i o n  o r  a t t i t u d e  r a t e s  i n  such a  s imula tor  involves  con t rad ic to ry  
cues s i n c e  dur ing  washout, appropr i a t e  v i s u a l  cues ( a s soc ia t ed  wi th  a  cons tan t  
r a t e )  would b e  a v a i l a b l e .  S ince  a c c e l e r a t i o n  threshold  s t u d i e s  have t y p i c a l l y  
been conducted under v i s u a l l y  impoverished cond i t ions ,  t h e  p resen t  s tudy 
undertook t o  tes t  t h e  hypothes is  t h a t  a c c e l e r a t i o n  s e n s i t i v i t y  would b e  
reduced dur ing  a  v e h i c l e  c o n t r o l  t a s k  involv ing  v i s u a l  feedback a s  compared 
wi th  a  condi t ion  having t h e  s u b j e c t  i n  darkness and e m i t t i n g  no c o n t r o l  
ac t ions .  Such a d i f f e r e n t i a l  s e n s i t i v i t y  e f f e c t  would permit  h igher  washout 
v e l o c i t y  change r a t e s  during a c t u a l  v e h i c l e  s imula t ion .  To perform t h e  s t u d y ,  
t h r e e  experiments were c a r r i e d  o u t  i n  t h r e e  s e l e c t e d  degrees of freedom. The 
MSFC General Purpose Simulator  was programed t o  provide vary ing  a c c e l e r a t i o n  
l e v e l s  and t h e  method of fo rced  choice based on t h e  theory  of s i g n a l  de t ec t a -  
b i l i t y  (Green and Swets, Ref. 13) was employed. 
2.0 TECHNICAL APPROACH 
2.1 - General Simulat ion Method 
The NASA Narshal l  Space F l i g h t  Center genera l  purpose S ix  Degree-of- 
Freedom (6 DOF) motion s imula to r  was programmed t o  execute a  pre-es tab l i shed  
motion sequence f o r  each a x i s  under i n v e s t i g a t i o n .  A motion sequence cons i s t ed  
of t h e  base be ing  d r iven  i n  one of two d i r e c t i o n s  i n  each of  t h r e e  axes 
(ho r i zon ta l ,  v e r t i c a l ,  o r  p i t c h ) ,  e i t h e r  a c c e l e r a t i n g  o r  dece le ra t ing .  Con- 
s t a n t  amplitudes of a c c e l e r a t i o n  were combined wi th  v a r i o u s  time dura t ions .  
Each motion sequence was presented  under two d i f f e r e n t  test cond i t ions  - 
b a s e l i n e ,  no v i s u a l  cues o r  secondary t a s k ,  o r  a  con t rad ic to ry  cue condi t ion ,  
a  v i s u a l  scene being presented  a t  a  cons tant  forward v e l o c i t y  combined wi th  
a  s t e e r i n g  t a sk  of l a t e r a l  motion con t ro l .  
During each motion sequence t h e  s u b j e c t  was presented  wi th  two t e s t  
i n t e r v a l s  and he was t o  decide i n  which i n t e r v a l  he judged t h e  s i v a l  (change 
i n  v e l o c i t y )  t o  be p resen t .  Th i s  dec i s ion  was repor ted  v i a  a  response panel 
which i n t e r f a c e d  wi th  a  hybrid computer us ing  two d i s c r e t e  sense  l i n e s .  The 
sequence of events  from i n i t i a t i o n  of motion sequence through response by t h e  
s u b j e c t  was termed a  t r i a l .  
Four motion p r o f i l e s  each having va r ious  AVIOT values  conbined wi th  two 
d i r e c t i o n s  of motion produced 40 t r i a l s .  Figure 2-1 p r e s e n t s  t h e  fou r  b a s i c  
motion p r o f i l e s  used throughout t h e  test ing.program. 
2.2 - Event Sequence and Response Method 
Each t r i a l  began wi th  t h e  base  slowly a c c e l e r a t i n g  (va lue  lower than  
lowest t e s t  s i g n a l )  t o  reach an i n i t i a l  v e l o c i t y .  This  i n i t i a l i z i n g  permi t ted  
t h e  s u b j e c t ' s  sensory system t o  adapt a s  w e l l  a s  reducing base  lu rches  when 
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FIGURE 2-1. Velocity Profiles 
v e l o c i t y  changes were introduced.  During t h e  i n i t i a l i z a t i o n  period a  "ready" 
lamp l i g h t e d  on t h e  s u b j e c t  resp,onse panel  i n  t h e  cab s i g n a l l i n g  t h e  s u b j e c t  
t h a t  a  t r i a l  was t o  begin.  This  lamp remained l i t  dur ing  t h e  i n i t i a l i z a t i o n  
. per iod  and then went o f f . b e f o r e  t e s t  i n t e r v a l  1 s t a r t e d .  
During t e s t  i n t e r v a l  1 a  s i g n a l  ( v e l o c i t y  change) was e i t h e r  p re sen t  or 
absent .  A lamp on t h e  s u b j e c t  response pane l  l i g h t e d ,  i n d i c a t i n g  t e s t  i n t e r v a l  
1. This  lamp remained l i t  dur ing  t h e  t e s t  i n t e r v a l  and then  went o f f .  Af ter  
a  s h o r t  t ime pause,  t e s t  i n t e r v a l  2 t hen  began and a  s i g n a l  was e i t h e r  p r e s e n t  
o r  absent  depending upon a s i g n a l  p r e s e n t a t i o n  during i n t e r v a l  1. During t h i s  
i n t e r v a l  a lamp on t h e  response panel  was l i g h t e d  s i g n a l l i n g  t e s t  i n t e r v a l  2. 
The t e s t  i n t e r v a l  2 lamp remained l i t  dur ing  t h e  t e s t  per iod  and then went 
o f f .  A f t e r  a  s h o r t  pause t h e  response lamp was l i g h t e d  s i g n a l l i n g  t h e  s u b j e c t  
t o  respond by throwing one of two response swi tches  corresponding t o  t h e  i n t e r -  
. . v a l  he judged t h e  s i g n a l  t o  be p resen t  i n .  The response lamp remained l i t  
u n t i l  a  response was made. Af t e r  completion of t h e  response t h e  base  then  
recycled  f o r  t h e  nex t  t r i a l  and t h e  procedure repea ted .  
Each t r i a l  contained only one s i g n a l  ass igned a t  random t o  one of t h e  
two t e s t  i n t e r v a l s .  The d i g i t a l  computer t e s t e d  t h e  s u b j e c t  response a g a i n s t  
t h e  t r u e  s t a t e  of a f f a i r s  and recorded whether t h e  response was c o r r e c t  o r  i n  
e r r o r .  
2.3  - Axes Inves t iga t ed  
Three axes of motion were i n v e s t i g a t e d  f o r  t h i s  program (See Figure 2-2). 
Experiment 1 i n v e s t i g a t e d  veloci ty-change d e t e c t i o n  i n  t h e  f o r e - a f t  t r a n s l a -  
t i o n a l  a x i s  of motion. Experiment 2 i n v e s t i g a t e d  veloci ty-change d e t e c t i o n  i n  
t h e  v e r t i c a l  t r a n s l a t i o n  a x i s  of  motion. Experiment 3 i n v e s t i g a t e d  v e l o c i t y -  
change d e t e c t i o n  i n  t h e  p i t c h  r o t a t i o n a l  a x i s  of motion. I n  each experiment 
FIGURE 272, AXIS IDENTIFICATION 
t h e  s u b j e c t s '  only concern was d e t e c t i o n  of a change i n  v e l o c i t y  r a t h e r  than  
t h e  d i r e c t i o n  of motion. 
2.4 - Simulat ion Apparatus 
The l abora to ry  f a c i l i t i e s  used a r e  l o c a t e d  i n  t h e  Computation Laboratory ' 
at FISFC. Three main systems were employed throughout t h e  t e s t i n g  program: 
. bSFC 6 DOF gene ra l  purpose motion s imula to r  with enclosed 
cab and video d i s p l a y .  
. A hybr id  computer system which provided c o n t r o l  of the  motion 
base  and d a t a  recording  func t ions .  
. An o p t i c a l  pickup system, TV camera, and a 15 '  x 40' t h r e e  dimen- 
s i o n a l  t e r r a i n  model. 
Figure 2-3 p r e s e n t s  t h e  b lock  diagram f o r  t h e s e  t h r e e  systems. 
The MSFC S ix  Degree-of-Freedom moving base  s imula tor  i s  manufactured by 
t h e  Singer  Corporation and i s  capable  of provid ing  independent motion i n  s i x  
degrees of freedom by simultaneous y e t  d i s c r e t e  opera t ion  of s i x  5-foot 
h y d r a u l i c  a c t u a t o r s  arranged i n  t h r e e  bipod p a i r s  between t h e  base  and f l o o r .  
Figure 2-4 shows a model of t h e  General Purpose Simulator i n  a pitch-down 
conf igura t ion .  Figure 2-5 shows t h e  h y d r a u l i c  a c t u a t o r  system. The dynamic 
performance c a p a b i l i t i e s  of t h e  motion system a r e  given i n  Table 2-1. 
The base  c a r r i e d  a completely enclosed cab where t h e  sub jec t  was loca ted .  
Located i n  t h e  cab were t h e  s u b j e c t  response pane l ,  a wide angle video d i s p l a y  
system, s t e e r i n g  wheel,  a i r l i n e  p i l o t ' s  s e a t ,  and headphones f o r  communication. 
The cab i n t e r i o r  i s  shown i n  Figure 2-6. 
The hybr id  computer system cons i s t ed  of  a n  Electro-blechanical Research 
6050 d i g i t a l  computer and an Applied Dynamics 9800 analog computer. The 
d i g i t a l  computer provided a c t u a t o r  commands f o r  p o s i t i o n a l  change a s  a func- 
. 
t i o n  of t ime (12.5 mS i n t e g r a t i o n ) ,  t e s t  sequence l o g i c  ( i n t e r v a l  1 o r  2 ) ,  
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FIGURE 2-6. INTERIOR OF CAB WITH SUBJECT I N  TEST POSITION 
The analog computer provided t runking  between t h e  d i g i t a l  computer and motion 
system, t r ansmi t t ed  response i n p u t s  t o  t h e  d i g i t a l  system and provided 
s t e e r i n g  and d i sp lay  dynamics. 
Dependent da t a  were c o l l e c t e d  on a  l i n e  p r i n t e r  f o r  rea l - t ime d i s p l a y  and 
. - 
recorded on magnetic tape  f o r  l a t e r  s t a t i s t i c a l  a n a l y s i s .  
The o p t i c s  system cons i s t ed  of a  Dal to  E l e c t r o n i c s  Corporation DEC M-15 
gan t ry  f i t t e d  with a  140 degree Farrand o p t i c a l  probe having Scheimpflug 
i n f i n i t e  depth-of-f ield c a p a b i l i t y  and a  Thomson-Ilouston THV-170/C f i e l d  
s e q u e n t i a l  camera opera ted  wi thout  t h e  co lo r  wheel a s  a  b lack  and whi te  system. 
The o p t i c a l  probe and t e r r a i n  model a r e  shown i n  F igure  2-7. 
The DEC M-15 gantry i s  a  servo-driven u n i t  provid ing  t h r e e  degree-of- 
freedom t r a n s l a t i o n a l  motion of t h e  o p t i c a l  probe and t e l e v i s i o n  camera along 
a  t h r e e  dimensional t e r r a i n  model con ta in ing  a  two-lane automobile highway. 
The THV-170lC camera provided a  441 scan  l i n e ,  180 f i e l d s  per  second, v ideo  
format.  The Farrand d i sp lay  i s  a  mult i -channel  device having 140 degree 
h o r i z o n t a l  field-of-view c a p a b i l i t y .  For t h i s  s tudy it was operated wi th  
only one camera which provided a  45' h o r i z o n t a l  by 38' v e r t i c a l  image of t h e  
t e r r a i n  model. Collimated p r o j e c t i o n  added r e a l i s m  t o  t h e  image by making 
it appear a  g r e a t  d i s t ance  from t h e  t e s t  s u b j e c t  and t h u s ' e l i m i n a t i n g  p a r a l l a x  
e f f e c t s .  
2.5 - Test  Subjec t  Se lec t ion  
Subjec ts  were s e l e c t e d  w i t h i n  t h e  Computation Laboratory and screened 
a s  t o  h i s t o r y  of i nne r  e a r  t r o u b l e s  and normal v i s i o n .  A t o t a l  of 35 s u b j e c t s  
p a r t i c i p a t e d  i n  t h e  program - 1 8  f o r  f o r e - a f t  t r a n s l a t i o n ,  7 f o r  v e r t i c a l  
t r a n s l a t i o n ,  and 10 f o r  p i t c h  r o t a t i o n s .  
FIGUm 2-7. O P T I W  PROBE AND TERRAIN MODEL SHOWING SIMULATED T W 0 - m  AUTOMOBILE HIGHWAY 
2.6 - Contradictory Cues Condition 
Th i s  p o r t i o n  of t h e  t e s t i n g  program measured t h e  impact of con t r ad ic to ry  
. . 
v i s u a l  cues combined with a  secondary t a s k  on t h e  o v e r a l l  accuracy of s i g n a l  
d e t e c t i o n  a s  compared wi th  t h a t  from t h e  b a s e l i n e  d a t a .  A s  with t h e  base l ine  
condi t ion  each s u b j e c t  completed a  b lock  of 40 t r i a l s  under the  t e s t  condi t ion .  
The block of t r i a l s  presented  was i d e n t i c a l i n  every r e spec t  t o  t h a t  of t h e  
base l ine  wi th  t h e  except ion  t h e  s u b j e c t  was given a  view of a  long two-lane 
highway and i n s t r u c t e d  t o  s t e e r  along t h i s  road.  
The s u b j e c t i v e  s e n s a t i o n  was t h a t  of d r i v i n g  a long 5 highway with moderate 
crosswinds. The forward v e l o c i t y  was p r e s e t  by t h e  hybr id  computer and could 
not be  modified by t h e  s u b j e c t ' s  a c t i o n .  H i s  only t a s k  was t o  command l a t e r a l  
t r a n s l a t i o n ,  o r  s t e e r ,  by tu rn ing  t h e  s t e e r i n g  wheel,  l e f t  o r  r i g h t  t o  s t a y  
wi th in  t h e  conf ines  of t h e  highway and n o t  concen t ra t e  on maintaining a  f ixed  
l ane  p o s i t i o n .  No da ta  were recorded as t o  frequency of off-road i n c i d e n t s  
but  t h e  s u b j e c t ' s  s t e e r i n g  performance was monitored by t h e  experimenter and 
i n  t h e  event  of l a r g e  o r l and  lengthy off-the-road d e v i a t i o n s  o r  high frequency 
of off-road i n c i d e n t s  t h e  s u b j e c t s  were caut ioned t o  s t a y  o n . t h e  road. A l l  
s u b j e c t s  performed t h e  s t e e r i n g  t a s k  wi th  few dev ia t ions .  
Fixed parameters f o r  t h e  con t rad ic to ry  cues condi t ion  a r e  presented  
below: 
Vehicle Veloc i ty  (forward) 25 m i l e s l h r  
S tee r ing  Wheel (angular)  Displacement 340' (lock-to-lock) 
S t e e r i n g  S e n s i t i v i t y  Rat io  60% 
S t e e r i n g  "Noise" Rat io  3.2161 p o s i t i v e  feedback 
Time Delay Constant f o r  "Noise" 0 .1  second 
Oversteer  
The crosswind e f f e c t  was perceived a s  a  wind pushing t h e  v e h i c l e  i n  t h e  
same d i r e c t i o n  a s  was s t e e r e d .  The s t r e n g t h  of t h i s  wind was d i r e c t l y  r e l a t e d  
TABLE 2-1 PERFORMANCE OF SIX-DEGREE-OF-FREEDOM'MOTION SYSTEM 
P o s i t i o n  Rate 
- ~ c c e i e r a t i o n  
PITCH +30°, -20' - +15'/sec - +6.5 rad /sec2  
ROLL 
YAW 
VERTICAL 39 i n  +24 i n / s e c  - +I.  6 g 
UP (99 cm) (+61 cm/sec) 
- 
30 i n  Down 
(76 cm) 
LATERAL +48 i n  
- - +24 i n / s e c  - +2.4 g 
(+I22 - cm) (+61 - cm/sec) 
LONGITLTINAL +48 i n  - +24 i n / s e c  - +2.0 g 
(+I22 - cm) (+61 - cm/sec) 
t o  angular  displacement of t h e  s t e e r i n g  wheel s o  t h a t  each lo change i n  t h e  
wheel produced a 1.5 m i l e l h r  i n c r e a s e  i n  wind. I f  l e f t  uncorrec ted ,  t h e  
v e h i c l e  continued t o  change heading - even tua l ly  going o f f  t h e  road. To 
- c o r r e c t  f o r  t h e  crosswind t h e  s u b j e c t  s t e e r e d  oppos i te  u n t i l - a  change i n  
heading was n o t i c e d ,  then  s lowly reduced t h e  t u r n i n g  of t h e  wheel u n t i l  he 
was back on t h e  road and headed s t r a i g h t .  A 0.3 second de lay  between t u r n i n g  
t h e  s t e e r i n g  y h e e l  and n o t i c e a b l e  change i n  heading provided r ea l i sm t o  
t h e  s t e e r i n g  t a sk .  Although t h e  s t e e r i n g  wheel has  a - + 170° c a p a b i l i t y ,  t h e  
average displacement dur ing  t e s t i n g  was about 2 2'. 
The con t rad ic to ry  cue condi t ion  was n o t  designed t o  r ep resen t  any p a r t i -  
c u l a r  v e h i c l e  bu t  simply t o  provide a v i s u a l  scene showing forward motion 
and a c o n t r o l  t a s k  of moderate d i f f i c u l t y .  Since these  were considered t o  be  1 
t h e  primary c h a r a c t e r i s t i c s  of  v e h i c l e  s imula t ion ,  t h e  p resen t  method, al though 
a r b i t r a r y ,  appeared s u f f i c i e n t  t o  t e s t  t h e  con t rad ic to ry  cue hypo thes i s .  
3.0 EXPERIEENT 1 - FORE-AFT MOTION SIGNAL DETECTION 
3.1 - Objec t ive  
The o b j e c t i v e  of Experiment 1 was t o  measure l i n e a r  a c c e l e r a t i o n  s e n s i -  
t i v i t y  i n  t h e  forward-afi  (+ - X) d i r e c t i o n s .  Data were c o i l e c t e d  under b a s e l i n e  
condi t ions  (no v i s u a l  cues) and then  when con t rad ic to ry  cues ( v i s u a l  cues p lus  
s t e e r i n g  t a s k )  were in t roduced.  
3.2 - Apparatus 
The appara tus  cons i s t ed  of  t h e  s i x  degree-of-freedom motion base  and 
t h e  response panel  l oca ted  i n  t h e  cab. 
Contradictory v i s u a l  cues were provided v i a  t h e  t e l e v i s i o n  system descr ibed  
i n  Sec t ion  2.0. An automobile s t e e r i n g  wheel mounted i n  t h e  cab enabled t h e  
s u b j e c t  t o  command l a t e r a l  t r a n s l a t i o n  whi le  t h e  hybrid-computer maintained 
a  cons tant  forward speed. 
Communication between t h e  experimenter  and s u b j e c t  was provided by head- 
phones which a l s o  helped mask aud i to ry  cues from t h e  motion base  h y d r a u l i c  
system which might i n f luence  s u b j e c t  performance. 
3.3 - Experimental Design 
Five independent v a r i a b l e s  were manipulated i n  Experiment 1. These 
v a r i a b l e s  and t h e i r  l e v e l s  were a s  fo l lows:  
Tes t  Condition Base l ine  (no v i s u a l  cues) o r  
con t r ad ic to ry  ( s t e e r i n g  p lus  v i s u a l  
scene wi th  cons tant  forward v e l o c i t y )  
D i rec t ion  o r  Motion Forward o r  Aft 
Veloci ty Change Accelera t ion  o r  Decelera t ion  
Test  S ignal  Duration 0.5,  1 .0 ,  o r  1.5 seconds 
Magnitude of Veloci ty Change 0.2 t o  1 .5  f t / s e c 2  (0.006 t o  0.047g) 
The combinations of magnitude of v e l o c i t y  change and i n t e r v a l  du ra t ion  
were s e l e c t e d  based on s imula to r  t r a v e l  c o n s t r a i n t s ,  a v a i l a b l e  l i t e r a t u r e  
. , 
on fo re -a f t  a c c e l e r a t i o n  s e n s i t i v i t y ,  and t h e  r e s u l t s  of t h e  p i l o t  s tudy used 
t o  s e l e c t  l e v e l s  f o r  t h e  main experiment.  The t e n  cases  emproyed a r e  descr ibed  
i n  Table 3-1. 
Eighteen s u b j e c t s  performed t h e  t e s t s  under a l l  combinations of l e v e l s  
of t h e  independent v a r i a b l e s .  Each s u b j e c t  completed a  block of 40 t r i a l s  
under one of t h e  two t e s t  cond i t ions ,  b a s e l i n e  o r  con t rad ic to ry  cues, beforegoing  
t o  t h e  next  block of 40 t r i a l s .  The order  of p r e s e n t a t i o n  of s p e c i f i c  t r e a t -  
ment l e v e l s  was randomized per  block of 40 t r i a l s .  
3 . 4  - Procedure 
Basel ine condi t ions  - Each s u b j e c t  was i n s t r u c t e d  t o  a d j u s t  t h e  s e a t  i n  
f r o n t  of t h e  s t e e r i n g  wheel, t o  where he would normally be when d r i v i n g  an 
. . 
~,., 
automobile. A s e a t  b e l t  was then  loose ly  f i t t e d  around t h e  wa i s t  f o r  protec-  
t i o n  i n  case of malfunct ions.  H e  was i n s t r u c t e d  t o  p l ace  h i s  f e e t  on a  pad 
t o  minimize v i b r a t i o n  and keep h i s  hands i n  h i s  l a p  u n t i l  ready t o  make a  
response. I n s t r u c t i o n s  were given t o  each s u b j e c t  a s  t o  t h e  o b j e c t i v e  of t h e  
t e s t ,  sequencing of t h e  t e s t  panel  lamps and a c t i v a t i o n  of t h e  response swi tches .  
The headphones were pos i t i oned  and t h e  noise  source turned on. Each t r i a l  
began wi th  t h e  "ready" lamp l i g h t i n g ,  s i g n a l l i n g  a  t r i a l  was t o  begin .  This  
lamp went o f f  and t h e  t e s t  i n t e r v a l  1 lamp l i g h t e d .  During t h i s  i n t e r v a l ,  a  
t e s t  s i g n a l  was e i t h e r  p re sen t  o r  absen t .  This  lamp went o f f  and t e s t  i n t e r v a l  
2 lamp l i g h t e d .  During t h i s  i n t e r v a l  a  s i g n a l  was e i t h e r  p re sen t  o r  absent .  
I n t e r v a l  2 lamp went o f f  and t h e  response lamp l i g h t e d  cueing t h e  s u b j e c t  t o  
respond by s e l e c t i n g  i n t e r v a l  1 o r  2 response swi tch .  A f t e r  s u b j e c t  response,  















ABSOLUTE MAGNITUDE OF VELOCITY CHLYGE hVD INTERVAL DURATION 
FOR EXPERI>ENT 1 
Acceleration 
Interval Duration (sec) -23- ftfsec cm/sec 2 2 
. 5  .006 .I93 5.883 
.5 .012 .386 11.765 
Contradictory cue condi t ion  - This  sequence of t e s t i n g  was i d e n t i c a l  
t o  t h a t  of b a s e l i n e ,  wi th  t h e  except ion  of t h e  sub jec t  b e i n g r e q u i r e d t o  
. . 
s t e e r  along a  two-lane road during t h e  e n t i r e  t e s t  per iod .  P o s i t i v e  feedback 
from t h e  s t e e r i n g  commanps gave t h e  e f f e c t  of a  moderately d i f f i c u l t  t r ack ing  
t a s k  t h a t  was more demanding than  o rd ina ry  d r i v i n g .  
The s u b j e c t s  were allowed p r a c t i c e  s t e e r i n g  along t h e  road wi th  no cab 
motion p r i o r  t o  a c t u a l  t e s t i n g .  During a c t u a l  t e s t i n g ,  t h e i r  only c r i t e r i o n  
f o r  s t e e r i n g  was t h a t  they  a t tempt  t o  " s t ay  on" t h e  road,  and i n  most cases ,  
t h e  t e s t  s u b j e c t s  were a b l e  t o  do so.  
3.5 - Resul t s  and Data Analyses 
The dependent measure employed i n  Experiment 1 was s i g n a l  ( v e l o c i t y  
change) d e t e c t i o n  accuracy. S igna l  d e t e c t i o n  was scored a s  be ing  c o r r e c t  o r  
i n c o r r e c t  based upon t h e  t e s t  i n t e r v a l  s e l e c t e d  by t h e  sub jec t  ve r sus  t h e  
t e s t  i n t e r v a l  t h e  s i g n a l  was presented  i n .  
These d a t a  were sub jec t ed  t o  a  five-way a n a l y s i s  of var iance  assuming 
a  t r ea tmen t s  by s u b j e c t s  des ign  and a l l  f a c t o r s  f ixed  except s u b j e c t s .  Table 
3-2 p resen t s  t h e  s i g n a l  d e t e c t i o n  accuracy source  t a b l e .  
Table 3-2 shows t h e  main s i g n i f i c a n t  sources  of var iance  t o  b e  d i r e c t i o n  
of t r a v e l ,  s i g n  of v e l o c i t y  change, and - case which r e f e r s  t o  t h e  AVfAT, AT 
combinations employed. The main e f f e c t  of t e s t  condi t ion  was not  found t o  
reach t h e  .05 l e v e l  of s i g n i f i c a n c e .  The d a t a ,  t h e r e f o r e ,  f a i l  t o  support  
t h e  hypothes is  of gene ra l ly  depressed s e n s i t i v i t y  due t o  i n t r o d u c t i o n  of t h e  
s t e e r i n g  t a s k  and i ts  a s s o c i a t e d  v i s u a l  cues. A s i g n i f i c a n t  i n t e r a c t i o n  
(p < .05) was, however, obta ined  between test condi t ion  and d i r e c t i o n  of 
t r a v e l .  This  e f f e c t  i s  i l l u s t r a t e d  i n  Figure 3-1. Figure 3-1 sugges t s  t h a t  
TABLE 3-2 
ANALYSIS OF'VARIANCE OF X-AXIS ' 
VELOCITY CIIANGE DETECTION PROBABILITY 
Source d f 
- 
Test  Condition (T) 1 
Direc t ion  of Travel  (D) 1 
+ AV (C) 
- 
1 
Case (C) 9 
Subjec ts  (S) 17 
T x D  1 
T x G  1 
T x C  9 
T x S  17 
D x G  1 
D x C  9 
D x S  17 
G x C  9 
G x S  17 
C x S  153 
T x D x C  1 
T x D x C  9 
T x D x S  17 
T x G x C  9 
T x G x S  1 7  
T x C x S  153 
D x G x C  9 
D x G x S  17 
D x C x S  153  
G x C x S  153 
T x D x G x C  - 9 
T x D x G x S  1 7  
T x D x C x S  15 3  
T x C x C x S  153 
D x G x C x S  15 3 
T x D x G x C x S  153 
TOTAL 1439 237.50 
*Signi f icant  a t  t h e  .05 l e v e l  
**Signif icant  a t  t h e  . O 1  l e v e l  
FIGURE 3-1. Measured Probability of Correct Detection of X-Axis 
Velocity Change as a Function of Test Condition and 
Motion Direction 
depression of a c c e l e r a t i o n  s e n s i t i v i t y  does occur bu t  only under motion i n  
t h e  a f t  d i r e c t i o n .  This  sugges t s  t h a t  t h e  e f f e c t  of t h e  s t e e r i n g  t a s k  and 
v i s u a l  cues t o  forward mction may permit h igher  a c c e l e r a t i o n s  than  would be 
. expected from b a s e l i n e  d,ata i n  r e t u r n i n g  t h e  cab t o  i ts  c,e&al p o s i t i o n  
fol lowing washout bu t  has l i t t l e  e f f e c t  on pe rmiss ib l e  d e c e l e r a t i o n s  d u r i n g  
washout. 
The main e f f e c t  of t h e  s i g n  of t h e  v e l o c i t y  change is i l l u s t r a t e d  i n  
Figure 3-2. The d a t a  suggest  g r e a t e r  s e n s i t i v i t y  t o  d e c e l e r a t i o n  than  t o  
acce le ra t ion .  This  f i n d i n g  i s  i n  c o n t r a d i c t i o n  t o  t h a t  of  Clark and Graybiel  
(Ref. 5)  who repor ted  a  h igher  threshold  va lue  f o r  d e c e l e r a t i o n  than  acce lera-  
t i o n .  I n  a p i l o t  s tudy conducted t o  e s t a b l i s h  acceleration/deceleration 
l e v e l s  f o r  Experiment 1, t h e s e  were i n i t i a l l y  e s t a b l i s h e d  t o  b racke t  t h e  
va lues  of .02 g  f o r  t h e  a c c e l e r a t i o n  th re sho ld  and .08 g f o r  t h e  dece le ra t ion  
, . th reshold  a s  r epor t ed  by Clark and Graybiel  (Ref. 5 ) .  Subjec ts  were a b l e  t o  
d e t e c t  d e c e l e r a t i o n s  wi th  near -per fec t  accuracy. This  l e d  t o  use  of orthogonal 
combination of abso lu te  AV/AT values  and AV s i g n  f o r  t h e  main s tudy with the  
r e s u l t i n g  sma l l  bu t  s t a t i s t i c a l l y  s i g n i f i c a n t  increment i n  d e c e l e r a t i o n  a s  
compared wi th  a c c e l e r a t i o n .  
The remaining s i g n i f i c a n t  sources  of va r i ance  i n  Table 3-2 d e a l  wi th  
AVIAT,  AT cases s tudied .  To provide a  means f o r  g e n e r a l i z i n g  t h e  d a t a  obta ined ,  
i t  was considered necessary  t o  provide  a  r eg res s ion  equat ion  f o r  c o r r e c t  
de t ec t ion  p r o b a b i l i t y  a s  a  func t ion  of a b s o l u t e  a c c e l e r a t i o n  l e v e l  and d u r a t i o n  
of t h e  a c c e l e r a t i o n .  The development of a f u n c t i o n a l  form fol lows Guedry 
(Ref.14) i n  supposing t h a t  t h e  v e s t i b u l a r  system response should b e  propor- 
t i o n a l  t o  a c c e l e r a t i o n  wi th  an exponent ia l  l a g  f o r  modest a c c e l e r a t i o n  va lues .  
A simple equat ion  f o r  a  " d e t e c t a b i l i t y  f i g u r e  of mer i t "  would then  be: 
FIGURE 3-2. Measured P r o b a b i l i t y  of C o r r e c t  D e t e c t i o n  of  X - A x i s  
V e l o c i t y  Change a s  a  F u n c t i o n  of S i g n  of V e l o c i t y  Change 
D, = a ( 1  - e-T) (3-1) 
Where Dx = f i g u r e  of m e r i t  
. . 
2 
a  = a b s o l u t e  value of AvIAT ( f t l s e c  ) 
T = AT (sec)  
. . 
Eq. (3-1) does not  need t o  be an exac t  model of v e s t i b u l a r  dynamics but  i t  
does accord with t h e o r i e s  of v e s t i b u l a r  funct ioning .  Table 3-3 gives  t h e  
ca l cu la t ed  va lues  of D, f o r  t h e  a c c e l e r a t i o n  and dura t ion  l e v e l s  employed 
here. 
I f  Dx s e rves  a s  a  f i g u r e  of m e r i t  f o r  d e t e c t a b i l i t y ,  d e t e c t i o n  p r o b a b i l i t y  
should be r e l a t e d  t o  D i n  t h e  fo l lowing ways: 
X 
. Detect ion p r o b a b i l i t y  (P) should inc rease  monotonically wi th  Dx. 
. The l i m i t  of P a s  Dx approaches i n f i n i t y  should be  1.00. 
. P should equal  .50 when D x =  0. 
A simple func t iona l  r e l a t i o n s h i p  which meets t h e s e  requirements  i s :  
/ 
Eq. (3-2) was employed a s  a  f u n c t i o n a l  form f o r  f i t t i n g  a  r e g r e s s i o n  l i n e  t o  
t h e  data .  To r e f l e c t  t h e  s i g n i f i c a n t  i n t e r a c t i o n  e f f e c t s  found i n  Table 3-2, 
t h e  f r e e  parameter b  was e s t ima ted  s e p a r a t e l y  f o r  t h e  f o u r  combinations of 
- 
s i g n  of v e l o c i t y  change and d i r e c t i o n  of t r a v e l .  This  a n a l y s i s  was performed 
' . 
using smoothed p r o b a b i l i t y  d a t a  based on t h e  a n a l y s i s o f  va r i ance  model wi th  
terms dropped based on t h e  r e s u l t s  of t h e  a n a l y s i s  of  va r i ance  F t e s t s .  j 
To es t ima te  b, i t  is necessary  t o  t ake  logar i thms on both  s i d e s  of I 
eq. (3-2): i 1 
I 
1 - P  . . 
- -  
.50 - -bD l o g  e (3-3) ! 






DETECTABILITY FIGURE OF MERIT 
FOR EXPERItIENT 1 
Assuming natural logarithms are used: 
log e ' 1 - P = bD, 
-
.SO 
E q .  ( 3 - 4 )  has the general form of a linear function with zero intercept: 
A = bDx Where A = log e 
.SO 
To estimate b, the error of estimation is: 
- 
And the sum of squared errors is: 
CE2 = CA' - 2bCADx + ~ ' C D ~  2 
Least squares estimation then requires the first derivative of eq. ( 3 - 7 )  with 
respect to the parameter: 
Setting eq. ( 3 - 8 )  to zero: 
and 
A d i f f i c u l t y  a r i s e s  a t  t h i s  p o i n t  s i n c e  e s t ima t ion  of b by means of  
- 
. . 
eq. (3-10) does n o t  n e c e s s a r i l y  reduce t h e  sum of e r r o r s  t o  zero.  F i t t i n g  a  
non-zero i n t e r c e p t  would s a t i s f y  both  e s t ima t ion  p r o p e r t i e s  bu t  would r e s u l t  
i n  P tak ing  on some va lue  o t h e r  than .50 when Dx = 0. The b es t ima te  which 
does reduce t h e  sum of  e r r o r s  t o  zero  may be  obta ined  by summing of eq. (3-6): 
S e t t i n g  eq. (3-6) t o  zero:  
Est imation was c a r r i e d  o u t  s e p a r a t e l y  us ing  eqs .  (3-10) and (3-12) and 
s i n c e  t h e  r e s u l t s  were found t o  agree w i t h i n  a  few p e r c e n t ,  t h e  presented - b 
va lues  a r e  based on eq. (3-12). These e s t ima tes  a r e  shown i n  Table 3-4. The 
d a t a  p o i n t s  and f i t t e d  func t ions  a r e  shown i n  Figures 3-3 t o  3-6. The 
func t ion  va lues  f o r  a  p a r t i c u l a r  l e v e l  of Dx should be used t o  determine t h e  
d e t e c t i o n  accuracy f o r  i n t e r p o l a t e d  va lues  of  - AV and AT. The curves f o r  
AT 
t h e  fou r  combinations of l e v e l s  of motion d i r e c t i o n  and s i g n  of v e l o c i t y  
change r ep resen t  smoothed d a t a  which r e f l e c t  the  main t r ends  i s o l a t e d  by t h e  
a n a l y s i s  of var iance .  
TABLE 3-4 
ESTIMATES OF THE DETECTABILITY PARAIETER b 
FOR X-AXIS VELOCITY CHANGE 
















w . 9  e 
w 
FIGURE 3-3. Measured Probability of Correct Detection of X-Axis Forward 
Acceleration as a Function of Absolute Value of Acceleration 
and Interval Duration. Numbers in Graph Refer to Cases 1-10. 
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FIGURE 3 - 4 .  Measured P r o b a b i l i t y o f  C o r r e c t  D e t e c t i o n  of  X-Axis A f t  A c c e l e r a t i o n  
a s  a Func t ibn  o f  Abso lu te  Value  of  A c c e l e r a t i o n  and I n t e r v a l  Durat ion.  
Numbers i n  Graph Refe r  t o  Cases 1-10. 
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FIGURE 3-5. Measured P r o b a b i l i t y  of Correct  Detect ion of X-Axis Forward 
Decelerat ion a s  a  Function of Absolute Value of Decelerat ion 
and I n t e r v a l  Duration. Numbers i n  Graph Refer t o  Cases 1-10. . 
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FIGURE 3-6. Measured P r o b a b i l i t y  of Correct  Detect ion of X-Axis Aft 
Decelerat ion a s  a Function of Absolute Value of Decelera t ion  
and I n t e r v a l  Duration. Numbers i n  Graph Refer t o  Cases 1-10, 
4.0 EXPERIMENT 2 - VERTICAL MOTION SIGNAL DETECTION 
4.1  - Objec t ive  
The o b j e c t i v e  of Experiment 2 was t o  measure l i n e a r  a c c e l e r a t i o n  s e n s i -  
. 
t i v i t y  i n  t h e  v e r t i c a l  (2 Z) a x i s .  Data were c o l l e c t e d  under b a s e l i n e  condi- 
t i o n s  and then  wi th  con t rad ic to ry  cues in t roduced.  
4.2 - Apparatus 
The appara tus  cons i s t ed  of t h e  same equipment descr ibed  i n  Experiment 1. 
4.3 - Experimental Design 
Five independent v a r i a b l e s  were manipulated i n  Experiment 2. These 
v a r i a b l e s  and t h e i r  l e v e l s  were a s  fo l lows:  
Tes t  Condition 
~ i r e c t i o n  of Motion 
Veloci ty Change 
Base l ine  (no v i s u a l  cues) o r  
con t r ad ic to ry  ( s t e e r i n g  p lus  v i s u a l  
scene  cons tant  forward v e l o c i t y )  
Up o r  Down 
Accelera t ion  o r  Decelera t ion  
Tes t  S igna l  Duration 0.5 o r  1.0 seconds 
Magnitude of Veloci ty Change 0.097 t o  1.191 f t / s e c 2  
(0.003 t o  0.0378) 
The l e v e l s  of t e s t  s i g n a l  d u r a t i o n  and v e l o c i t y  change magnitude a r e  shown 
i n  Table 4-1. 
Seven s u b j e c t s  performed t h e  tests a t  a l l  p o s s i b l e  combinations of 
l e v e l s  of t h e  independent v a r i a b l e s .  Each s u b j e c t  completed a block of 40 
t r i a l s  under one of t h e  two t e s t  condi t ions  b e f o r e  going t o  t h e  nex t  b lock  
of 40 t r i a l s .  The o rde r  of  p r e s e n t a t i o n  of s p e c i f i c  t r e a t m e n t , l e v e l s  was 
randomized pe r  block of 40 t r i a l s .  
TABLE 4-1 
ABSOLUTE MAGNITUDE OF VELOCITY CHANGE AND INTERVAL DURATION 
FOR EXPERIMENT 2 
Case 2 2 
-
AT 
- R ftlsec cmlsec 
The dependent measure employed was d e t e c t i o n  response accuracy. 
. . 
4.4 - Procedure 
The procedure was i d e n t i c a l  t o  t h a t  f o r  Experiment 1 f o r  b a s e l i n e  and 
f o r  con t rad ic to ry  cues. 
4.5 - Resu l t s  and Data Analyses 
S igna l  d e t e c t i o n  accuracy was sco red  a s  be ing  c o r r e c t  o r  i n c o r r e c t  based 
upon t e s t  i n t e r v a l  s e l e c t e d  ve r sus  i n t e r v a l  s i g n a l  presented .  
These d a t a  were sub jec t ed  t o  a  five-way a n a l y s i s  of 'var iance  assuming a 
t rea tments  by s u b j e c t  des ign  and a l l  f a c t o r s  except  s u b j e c t s  f ixed .  The 
r e s u l t i n g  a n a l y s i s  of va r i ance  t a b l e  f o r  s i g n a l  d e t e c t i o n  accuracy i s  pre- 
s en ted  i n  Table 4-2. 
The s i g n i f i c a n t  sources  of va r i ance  i d e n t i f i e d  i n  Table 4-2 were t h e  
case main e f f e c t  and t h e  i n t e r a c t i o n  of motion d i r e c t i o n ,  s i g n  of v e l o c i t y  
change, and case.  Therefore,  t h e  same a n a l y s i s  d iscussed  i n  connection wi th  
Experiment 1 was c a r r i e d  out .  I n  t h e  case  of  v e r t i c a l  motion, t h e  de tec t a -  
b i l i t y  f i g u r e  of mer i t  i s  denoted D,. Table 4-3 g ives  va lues  of DZ f o r  t h e  
combinations of v e l o c i t y  change and i n t e r v a l  d u r a t i o n  s tud ied .  Case e f f e c t s  
were f i t t e d  sepa ra t e ly  f o r  t h e  fou r  combinations of motion d i r e c t i o n  and 
d i r e c t i o n  of v e l o c i t y  change. The parameter has  t h e  same i n t e r p r e t a t i o n  
a s  i n  connect ion with Experiment 1. The e s t i m a t e s  of - b c o e f f i c i e n t s  a r e  
shown i n  Table 4-4. The corresponding func t ions  and d a t a  p o i n t s  a r e  depic ted  
i n  F igures  4-1 through 4-3. 
ANALYSIS OF iffi.RIK:CE OF Z-.4XIS 
VEI.OC1TS CF,Z?ICE DtTTCTION PROR:\BILITY 
Source 
Test  Condition (T) 
Direc t ion  of Travel  (D) 
+ AV (G) 
- 
Case (C) 
Subjec ts  (S) 
T x D 
T x G 
', 
T x C 
T x S  
D x G 
D x C  
D x S  
G x C  
G x S  
c x s  
T x D x G 
T x D x C  
T x D x S  
T x G x C  
T x G x S  
T x C x S  
D x G x C  
D x G x S  
D x C x S  
G x C x S  
T x D x G x C  
T x D x C x S  
T x G x C x S  
T x G x C x S  
T x D x G x C x S  
TOTAL 559 
* S i g n i f i c a n t  a t  t h e  .05 l e v e l  
** S i g n i f i c a n t  a t  t h e  . O l  l e v e l  
TABLE 4-3 
DETECTABILITY FIGURE OF MERIT 
FOR EXPERIIENT 2 




- 1 f t / s e c 2  cm/sec2 D, 
1 . 5  .003 .097 2.975 .038 
2 .5 .005 . I 6 1  4.907 .063 
3 .5 .009 .291 8.871 . I14  
4 . 5  .012 .386 12.429 . I52 
5 .5 .025 .805 25.921 .317 
6 .5  .037 1.191 36.314 .469 
TABLE 4-4 
ESTIMATES OF THE DETECTABILITY PARAMETER b 
FOR Z-AXIS VELOCITY CHANGE 
1. 









DETECTABILITY MEASURE Dz = a(1 - e-T) (ft/sec2) 
FIGURE 4-1. Measured Probability of Correct Detection of Z-Axis Upward 
Acceleration or Deceleration as a Function of Absolute 
Value of Acceleration or Deceleration and Interval Duration. 
Nunbers in Graph Refer to Cases 1-10. 
6 
0 
Downward Acceleration Probability Data 
2 DETECTABILITY MEASURE D, = a(l - e-T) (ft/sec ) 
FIGURE 4-2. Measured Probability of Correct Detection of 2-Axis Downward 
Acceleration as a Function of Absolute Value of Acceleration 
and Interval Duration. Kurnbers in Graph Refer to Cases 1-10. 
FIGURE 4-3. Measured Probability of Correct Detection of 2-Axis Downward 
Deceleration as a Function of Absolute Value of Deceleration 
and Interval Duration. Numbers in Graph Refer to Cases 1-10. 
5.0 EXPERIMENT 3 - PITCH blOTION SIGNAL DETECTION 
5 .1  - Objec t ive  
The o b j e c t i v e  of Experiment. 3 was t o  measure angular  a c c e l e r a t i o n  sens i -  
t i v i t y  i n  t h e  p i t c h  up - p i t c h  down d i r e c t i o n s .  Data were c o l l e c t e d  under 
base l ine  condi t ions  and then  when con t rad ic to ry  cues were in t roduced.  
5.2 - Apparatus 
The appara tus  was t h e  same a s  t h a t  used i n  Experiment 1. 
5.3 - Experimental Design 
Five  independent v a r i a b l e s  were manipulated i n  Experiment 3. These 
v a r i a b l e s  and t h e i r  l e v e l s  were a s  fol lows:  
Tes t  Condition Base l ine  (no v i s u a l  cues) o r  
con t r ad ic to ry  ( s t e e r i n g  p lus  v i s u a l  
scene  wi th  cons tant  forward v e l o c i t y )  
D i rec t ion  of Motion P i t c h  Up o r  P i t c h  Down 
Veloc i ty  Change Accelera t ion  o r  Decelera t ion  
Tes t  S igna l  Durat ion 0.75 o r  1.25 seconds 
Magnitude of Veloc i ty  Change 1 t o  5 degrees /sec2  
The combinations of s i g n a l  d u r a t i o n  and magnitude of v e l o c i t y  change employed 
a r e  shown i n  Table 5-1. 
Ten s u b j e c t s  performed t h e  tests a t  a l l  p o s s i b l e  combinations of l e v e l s  
of t h e  independent v a r i a b l e s .  Each sub jec t  completed a  b lock  of 40 t r i a l s  
under one of t h e  two t e s t  condi t ions  be fo re  going t o  t h e  nex t  b lock  of 40 
t r i a l s .  The order  of p r e s e n t a t i o n  of s p e c i f i c  t rea tment  l e v e l s  was randomized 
per block of 40 t r i a l s .  
5.4 - Procedure 
The procedure was t h e  same a s  previous  experiments.  The s u b j e c t s  were 
allowed p r a c t i c e  s t e e r i n g  along t h e  road wi th  no base  motion p r i o r  t o  a c t u a l  
t e s t i n g .  During t h e  t e s t i n g  t h e i r  on ly  c r i t e r i o n  f o r  s t e e r i n g  was t h a t  they 
at tempt t o  s t a y  w i t h i n  t h e  conf ines  of  t h e  road.  
5.5 - Resu l t s  and Data Analyses 
S igna l  d e t e c t i o n  was scored  a s  be ing  c o r r e c t  o r  i n c o r r e c t  based upon 
t e s t  i n t e r v a l  s e l e c t e d  ve r sus  i n t e r v a l  t h e  s i g n a l  was presented .  
These d a t a  were sub jec t ed  t o  a  five-way a n a l y s i s  of va r i ance  assuming 
t r ea tmen t s  by s u b j e c t s  des ign  and a l l  f a c t o r s  except  s u b j e c t s  f ixed .  The 
r e s u l t i n g  a n a l y s i s  of va r i ance  t a b l e  f o r  s i g n a l  d e t e c t i o n  accuracy is  pre- 
sented  i n  Table 5-2. 
Table 5-2 shows t h a t  t e s t  cond i t ion ,  t r a v e l  d i r e c t i o n ,  and v e l o c i t y  
change d i r e c t i o n  i n t e r a c t  wi th  case  al though no v a r i a b l e  o t h e r  than  case was 
found t o  e x e r t  a  s i g n i f i c a n t  main e f f e c t .  Consequently, curves were f i t t e d  
t o  t h e  case e f f e c t s  s e p a r a t e l y  f o r  each combination of t r a v e l  d i r e c t i o n  and 
d i r e c t i o n  of v e l o c i t y  change. Only t h e  d a t a  from t h e  s t e e r i n g  t a sk  cond i t ion  
were employed s i n c e  i n t r o d u c t i o n  of t h e  t a s k  was found t o  reduce a c c e l e r a t i o n  
s e n s i t i v i t y  under t h e  a c c e l e r a t i o n  conditon.  
The f i g u r e  of mer i t  employed f o r  p i t c h  a c c e l e r a t i o n  s e n s i t i v i t y  i s  
e x a c t l y  analogous t o  t h a t  f o r  t r a n s l a t i o n  and i s  presented  i n  Table 5-1. 
Angular a c c e l e r a t i o n  was s u b s t i t u t e d  f o r  l i n e a r  a c c e l e r a t i o n  s o  t h a t :  
Where: 
, Do = angular  a c c e l e r a t i o n  f i g u r e  of m e r i t  
a = a b s o l u t e  change i n  angular  v e l o c i t y  - degrees /sec  2 














ABSOLUTE IIAGNITUDE OF VELOCITY CHANGE 
FOR EXPERINENT 3 
Acceleration Figure of Merit 
deglsec 2 D€l 
TABLE 5-2 
ANALYSIS OF VARIANCE OF PITCH-AXIS 
VELOCITY ClIANGE DETECTION PROBABILITY 
Source 
Test  Condition(T) 
Direc t ion  of Travel  
+ AV (G) 
- 
Case (C) 
Subjec ts  (S) 
T x D 
T x G 
T x C  
T x S 
D x G  
D x C  
D x S 
G x C  
G x S  
c x s  
T x D x G  
T x D x C  
T x D x S  
T x G x C  
T x G x S  
T x C x S  
D x G x C  
D x G x S  
D x C x S  
G x C x S  
T x D x G x C  
T x D x G x S  
T x D x C x S  
T x G x C x S  
T x D x G x C x S  
TOTAL 799 162.59 
*Sign i f i can t  a t  t h e  .05 l e v e l  
**Signi f icant  a t  t h e  . O l  l e v e l  
TABLE 5-3 
ESTIMATES OF THE DETECTABILITY PARAMETER b 
FOR P ITCH AXIS VELOCITY CHANGE 





A c c e l e r a t i o n  
A c c e l e r a t i o n  
D e c e l e r a t i o n  
D e c e l e r a t i o n  
The function: 
- b ~ g ' .  
P = 1 - .50e 
was then f i t t e d  t o  the pi tch detect ion probability data. The estimates of b 
. . 
obtained are given i n  Table 5-3. The smoothed data and functions are shown 
i n  Figures 5-1 through 5-4. 
I 
0 Pitch Upward Acceleration Probability Data I -  . . : . p = 1 - .5e-.225D~ 
.4 
0 .5 1.0 1.5 2.0 2.5 3.0 3.5 
DETECTABILITY MEASURE Do = a(l-e-T) (deg/sec2) 
FIGURE 5-1. Xeasured Probability of Correct Detection of Pitch Axis Upward 
Angular Acceleration as a Function of Absolute Value of Acceleration 
and Interval Duration. Numbers in Graph Refer to Cases 1-10. 
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0 .5 1.0 1.5 2.0 2.5 3.0 3.5 . 
DETECTABILITY MEASURE De = u(1-emT) (deg/sec2) 
FIGURE 5-2. Measured Probability of Correct Detection of Pitch Axis Downward 
Angular Acceleration as a Function of Absolute Value of Acceleration 
and Interval Duration. Numbers in Graph Refer to Cases 1-10. 
FIGURE 5-3. Measured, P r o b a b i l i t y  of Correct Detect ion of P i t c h  Axis Upward Angular 
Decelera t ion  a s  a Function of Absolute Value of Decelerat ion and I n t e r v a l  
Duration. Numbers i n  Graph Refer t o  Cases 1-10. 
FIGURE 5-4. Measured P robab i l i t y  of Correct Detect ion of P i t c h  Axis Downward 
Angular Decelerat ion a s  a Function of Absolute Value of Decelera t ion  
and I n t e r v a l  Duration. Numbers i n  Graph Refer t o  Cases 1-10. 
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DETECTABILITY MEASURE Do = ( ~ - e - ~ )  (deg/sec2) 
6.0 DISCUSSION AND RECOMMENDATIONS 
6 .1  - Summary of Present  Data 
The funct ions  f i t t e d  t o  t h e  d e t e c t i o n  p r o b a b i l i t y  da t a  'from a l l  t h r e e  
experiments a r e  summarized i n  Table 6-1. Table 6-1 shows t h e  r e l evan t  f i t t e d  
func t ion  f o r  each a x i s ,  d i r e c t i o n  of motion, and d i r e c t i o n  of v e l o c i t y  change. 
As an example, cons ider  forward a c c e l e r a t i o n  i n  t h e  X a x i s .  From Table 6-1, 
t h e  p r o b a b i l i t y  of d e t e c t i o n  d a t a  were found t o  be  descr ibed  by t h e  r e g r e s s i o n  
equat ion:  
Where: 
P = Detec t ion  p r o b a b i l i t y  f o r  a  s p e c i f i c  
combination of AVIAT and AT 
e = Natura l  l o g  base  
-1.96 = Value of t h e  parameter b f i t t e d  t o  t h e  
r e l e v a n t  d a t a  from Sec t ion  3.0 
Dx = D e t e c t a b i l i t y  f i g u r e  of mer i t  f o r  
AV/AT and AT combinations f o r  t r a n s l a -  
t i o n  i n  t h e  X a x i s  
~- . 
Dx is a l s o  def ined  i n  Table 6-1 a s :  
Where: 
a  = Absolute va lue  of AV/AT, p resented  
during an i n t e r v a l  
T = I n t e r v a l  d u r a t i o n -  s e c  
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Veloci ty 
Motion Change 
Direc t ion  Direc t ion  
Detect ion D e t e c t a b i l i t y  
P r o b a b i l i t y  Figure O f  
Regression Equation Merit 
Forward Accelera t ion  p = 1-.5e-1.960D, D, = a(l-e-T) 
Af t Accelera t ion  p = 1-.5e-2.458D, a = Absolute value 
of v e l o c i t y  change 
Forward Decelerat ion P = 1-.5e -3.137DX ( f t / s e c 2 )  
Aft Decelerat ion P = 1-.53 -3.695DX T = I n t e r v a l  Duration 
(sec)  
-1.201DZ -T 
UP Accelera t ion  P = 1-.5e D, = a(1-e ) 
Accelera t ion  -. 606D, Down P = 1-.5e a = Absolute va lue  
of v e l o c i t y  change 
-1.201Dz 
UP Decelera t ion  P = 1-.5e (f t / s ec2 )  
Decelerat ion P = 1-.5e -2. 205Dz Down T = I n t e r v a l  Duration 
(set) 
UP Accelera t ion  p = 1-.5~-.225D~ D, = a(1-e-T) 
p = 1-.5e-.360De Down Accelera t ion  a = Absolute value 
Decelerat ion 
cf angular  v e l o c i t y  
change (deg/sec2)  
Down Decelerat ion P = 1-.5e-' 238D8 T = I n t e r v a l  Duration 
(set) 
6.2 - Appl ica t ion  t o  Washout Techniques 
, . 
. . 
The reg res s ion  equat ions  of Table 6-1 y i e l d  t h e  b e s t  f i t t i n g  desc r ib ing  
funct ions  f o r  t h e  obtained da ta .  Consequently, t h e s e  equat ions  should be 
used t o  c a l c u l a t e  a c c e l e r a t i o n  l e v e l s  f o r  washout methods. To i l l u s t r a t e  t h e  . 
a p p l i c a t i o n  of t h e  da ta  a s  summarized i n  Table 6-1 t o  washout c a l c u l a t i o n s ,  
cons ider  a  s imula t ion  i n  which t h e  ope ra to r  c o m n d s  a  v e h i c l e  a c c e l e r a t i o n  
i n  t h e  forward d i r e c t i o n  (+X). I n  response ,  t h e  motion system should be 
commanded t o  a c c e l e r a t e  s imula t ing  t h e  motion of t h e  a c t u a l  veh ic l e .  I n  
fol lowing t h e  a c c e l e r a t i o n  command, however, t h e  cab w i l l  a cqu i re  a  r a t e  which 
must be  n u l l e d  o r  washed out  w i t h i n  t h e  t r a v e l  c o n s t r a i n t s .  The i n i t i a l  
a c c e l e r a t i o n  i s  a  proper  motion cue and should be  a t  a  va lue  d e t e c t a b l e  by 
t h e  ope ra to r  w i th  h igh  p r o b a b i l i t y .  The fo l lowing d e c e l e r a t i o n ,  however, is 
a  spur ious  cue,  i f  de t ec t ed  by t h e  o p e r a t o r ,  and should t h e r e f o r e  be d e t e c t a b l e  
wi th  low p r o b a b i l i t y .  To i l l u s t r a t e  t h e  use of equat ions  i n  Table 6-1 i n  
s a t i s f y i n g  these  o b j e c t i v e s ,  cons ider  t h e  e n t i r e  process  ( v a l i d  a c c e l e r a t i o n  
cue and washout d e c e l e r a t i o n )  as two pure  v e l o c i t y  ramp components. The 
s i t u a t i o n  i s  diagrammed i n  F igure  6-1. 
TIME 
r T .  
FIGURE 6-1. Veloc i ty  Ramp Motion P r o f i l e  
I n  F igure  6-1, a c c e l e r a t i o n  t akes  p l ace  dur ing  i n t e r v a l  1 and d e c e l e r a t i o n  
during i n t e r v a l  2. T1 and T2 denote t h e  i n t e r v a l  du ra t ions  and al and a2 
denote t h e  appropr i a t e  a b s o l u t e  a c c e l e r a t i o n s .  Obviously, t h e  s i t u a t i o n  shown 
i n  Figure 6-1 cannot be obta ined  i n  p r a c t i c e  s i n c e  i t  involves  discontinuous 
. - 
motion. The assumption i s  made he re  t h a t  no smoothing per iods  a r e  requi red  
f o r  a c c e l e r a t i o n  changes t o  s impl i fy  t h e  process  of i l l u s t r a t i n g  t h e  general 
method. I f  VM denotes  t h e  maximum v e l o c i t y  obtained dur ing  t h e  t o t a l  time 
i n t e r v a l ,  then: 
The average v e l o c i t y  dur ing  each time i n t e r v a l  i s  denoted a s  7 where: 
. .., 
. Then t h e  t o t a l  d i s t a n c e  t r a v e l l e d  dur ing  both  i n t e r v a l s  i s :  
,~.  
These equat ions  may be  employed f o r  any of t h e  t h r e e  axes s t u d i e d  dur ing  
t h e  p resen t  e f f o r t .  To i l l u s t r a t e  t h e  use  of t h e  d a t a ,  t h r e e  a c c e l e r a t i o n 1  
washout cases were c a l c u l a t e d  a s  shown below: 
Axis 
-
Motion Cue Washout Motion 
X Forward Accelera t ion  Forward Decelera t ion  
Z Upward Accelera t ion  Upward Decelera t ion  
P i t c h  Downward Acce le ra t ion  Downward Decelera t ion  
To s e l e c t  time i n t e r v a l  and a c c e l e r a t i o n  parameters ,  va r ious  c o n s t r a i n t s  
may be  introduced.  One o b j e c t i v e  i s  t o  make t h e  i n i t i a l  a c c e l e r a t i o n  
h igh ly  de tec t ab le .  It w i l l  be  supposed h e r e  t h a t  t h i s  c r i t e r i o n  is s a t i s f i e d  
i f  t h e  a c c e l e r a t i o n  d e t e c t i o n  p r o b a b i l i t y  i s  equa l  t o  .90. The necessary 
c a l c u l a t i o n s  a r e  i l l u s t r a t e d  below f o r  t h e  case  of t h e  X-axis motion sequence. 
To in t roduce  t h e  c o n s t r a i n t  of p r o b a b i l i t y  .90 of  d e t e c t i n g  t h e  i n i t i a l  
forward a c c e l e r a t i o n ,  t h e  r e l e v a n t  equat ion  from Table 6-1 is: 
-1. 96Dx P = 1 - .5e (6-6) 
S e t t i n g  eq. 6-6)to .90 and so lv ing  f o r  Dx y i e l d s  a  r equ i red  va lue  f o r  Dx of 
.8214. Combinations of al and T1 which r e s u l t  i n  Dx = .8214 a r e  thus  acceptable .  
D x i s  given by t h e  a p p r o p r i a t e  equat ion  from Table 6-1 a s :  
S e t t i n g  eq. (6-7) equal  t o  .8214 and r ea r rang ing  y i e l d s :  
Se lec t ing  a  va lue  of t h e  i n i t i a l  d u r a t i o n ,  T1 then  a l lows c a l c u l a t i o n  of t h e  
necessary a c c e l e r a t i o n  t o  produce a  d e t e c t i o n  p r o b a b i l i t y  of .90 v i a  eq. (6-8). 
For example,if  t h e  i n i t i a l  du ra t ion  i s  .50 s e c . ,  
The maximum v e l o c i t y  a t t a i n e d  dur ing  t h e  motion sequence i s  then  given by 
eq. (6-3) : 
VM = alTl = 2.0874 f t / s e c 2  .5 s e c  
"M = 1.0437 f t / s e c  
The t o t a l  d i s t a n c e  t r a v e l l e d  dur ing  t h e  motion sequence is given by 
. , eq. (6-5). For t h e  General Purppse Simula tor ,  t h e  c o n s t r a i n t  on X-axis 
d i s t a n c e  i s  approximately 8  f e e t .  S e t t i n g  eq. (6-5) e q u a l  t o  8  f e e t .  
Since: 
Eq. (6-14) y i e l d s  a  va lue  of  Tl + T2 
8.0 f t  
T1 + T2 = .5219 f t / s e c  = 15.33 s e c  (6-16) 
By s u b t r a c t i o n ,  t h e r e f o r e ,  T  = 15.33 - .50 = 14.83 s e c .  The d e c e l e r a t i o n  a2  2 
necessary t o  n u l l  t h e  maximum v e l o c i t y  i s  given by: 
v~ 
- 1.0437 f t / s e c  
a2 = T2 = 14.83 s e c  = .0704 f t / s e c  2  
T and a may then  be  s u b s t i t u t e d  i n  t h e  X-axis forward d e c e l e r a t i o n  r e g r e s s i o n  2  2 
equat ion from Table 6-1 t o  p r e d i c t  t h e  washout motion d e t e c t i o n  p r o b a b i l i t y :  
The expression i n  parentheses  is  e s s e n t i a l l y  equa l  t o  u n i t y  f o r  an 
2 
exponent of -14.83 s o  t h a t  D = .0704 f t l s e c  . The d e t e c t i o n  p r o b a b i l i t y  is 
x2 
then  es t imated  v i a  t h e  a p p r o p r i a t e  equat ion  from Table 6-1: 
The above c a l c u l a t i o n s  were c a r r i e d  out  f o r  a range of i n t e r v a l  1 dura- 
t i o n s  f o r  t h e  t h r e e  motion sequences l i s t e d  on page 69 . The r e s u l t s  a r e  
shown i n  Figures 6-2 t o  6-5. 
F igure  6-2 shows t h e  r e l a t i o n s h i p s  between i n t e r v a l  1 a c c e l e r a t i o n  and 
dura t ion  necessary f o r  a  d e t e c t i o n  p r o b a b i l i t y  of .90. The l i n e a r  acce lera-  
t i o n  va lues  f o r  X and Z a r e  r ead  from t h e  lef t -hand o rd ina te .  Angular accel-  
e r a t i o n  is read from t h e  right-hand o r d i n a t e .  The curves show t h e  r e l a t i o n -  
sh ips :  
X-axis D, = .a214 = a l ( l  - e-T1) 
Z-axis DZ 1.3410 = a l ( l  - e-T1) 
P i tch-axis  Do = 4.4720 = a l ( 1  - e-Tl) 
which a r e  requi red  f o r  d e t e c t i o n  p r o b a b i l i t y  of .90 i n  a l l  cases .  
Figure 6-3 shows t h e  maximum r a t e  reached a s  a  func t ion  of i n t e r v a l  1 
durat ion.  T r a n s l a t i o n  v e l o c i t i e s  f o r  t h e  X and Z axes a r e  shown on t h e  l e f t -  
hand o rd ina te .  Angular v e l o c i t y  f o r  p i t c h  is shown on t h e  right-hand o r d i n a t e .  
The r a t e  c o n s t r a i n t s  of t h e  General Purpose Simulator  a r e  shown a s  h o r i z o n t a l  
dashed l i n e s .  Figure 6-4 shows t o t a l  du ra t ion  and i n t e r v a l  2  du ra t ions  which 
r e s u l t  from t h e  t r a v e l  d i s t a n c e  c o n s t r a i n t s  of t h e  General Purpose Simulator  
and t h e  maximum r a t e  d a t a  of Figure 6-3. F igure  6-5 shows t h e  p r o b a b i l i t y  
of d e t e c t i n g  t h e  washout d e c e l e r a t i o n  dur ing  i n t e r v a l  2 a s  a  func t ion  of 
t o t a l  sequence du ra t ion .  
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FIGURE 6-5. WASHOUT MOTION DETECTION PROBABILITY AS A FUNCTION 
OF TOTAL DURATION FOR SELECTED MOTION SEQUENCES 
6.3 - Recommended Motion Sequence Parameters 
The problem of s e l e c t i n g  parameters f o r  t h e  motion sequences i s  essen- 
t i a l l y  a trade-off  based on t h e  d a t a  of  Figures 6-2 t o  6-5. The t h r e e  axes 
vary i n  terms of approaching c o n s t r a i n t s .  Based on t h e s e  d a t a  a  set of 
recommended motion sequence parameters  were developed and a r e  shown i n  Table 
6-2. A primary cons ide ra t ion  i n  t h i s  a n a l y s i s  was t h a t  washout d e c e l e r a t i o n  
p r o b a b i l i t y  should be  kep t  i n  t h e  range .60 - .70. 
6.3.1 - X-Axis 
S e l e c t i o n  of i n t e r v a l  dura t ion  f o r  t h e  X-axis forward a c c e l e r a t i o n  pro- 
f i l e  does not  appear t o  b e  s t r o n g l y  cons t ra ined  by t h e  v e l o c i t y  l i m i t  of 2.0 
f t l s e c .  The primary problem i s  t h a t  t h e  d a t a  showed s u b j e c t s  t o  be more 
s e n s i t i v e  t o  d e c e l e r a t i o n  than  t o  a c c e l e r a t i o n  a s  evidenced by t h e  r a t i o  of 
1.6 i n  terms of t h e  b parameters .  This  produces t h e  requirement f o r  low 
washout d e c e l e r a t i o n s  compared t o  t h e  i n i t i a l  a c c e l e r a t i o n  and y i e l d s  l a r g e  
values f o r  t h e  i n t e r v a l  2 dura t ion .  Based on Figure  6-5, t h e  X-axis t c t a l  
sequence dura t ion  t o  y i e l d  a  washout d e t e c t i o n  p r o b a b i l i t y  of .60 is on t h e  
order  of twice t h a t  of t h e  o t h e r  axes.  The primary d r i v i n g  c o n s t r a i n t  f o r  
-- -- 
t h e  X-axis i s  thus  t o t a l  sequence du ra t ion .  To reduce t h i s  du ra t ion  t o  12 
sec ,  a  washout d e t e c t i o n  p r o b a b i l i t y  of .66 was considered acceptable .  The 
motion sequence parameters r e s u l t i n g  from t h i s  c o n s t r a i n t  a r e  shown i n  Table 
6-2. 
6.3.2 - Z-Axis 
I n  t h e  case of Z-axis upward a c c e l e r a t i o n ,  maximum v e l o c i t y  was found 
t o  be a  l i m i t i n g  f a c t o r .  The 2  f t / s e c  v e l o c i t y  c o n s t r a i n t  of t h e  General 
Purpose Simulator  was found t o  l i m i t  t h e  i n t e r v a l  2  t ime t o  about .85 seconds. 
Reducing t h e  i n t e r v a l  1 dura t ion  t o  about .15 s e c w o u l d  y i e l d  a  p red ic t ed  
Motion Cue 
Washout Motion 
Motion Cue Detect ion 
P r o b a b i l i t y  
Required D e t e c t a b i l i t y  
Measure 
Travel  Cons t ra in t  
TABLE 6-2 RECOMMENDED PARAMETERS FOR SELECTED MOTION SEQUENCES 
T o t a l  Time For . 
Motion Sequence 
I n t e r v a l  1 Duration 
X-Axis 
Forward Accelera t ion  
Forward Accelera t ion  
12.000 see** 
1.055 s e c  
2-Axis 
Upward Accelera t ion  
Upward Accelera t ion  
6.750. s e c  
.500 see** 
P i t c h  Axis 
Downward Accelera t ion  
Downward Accelera t ion  
D e 1  = 4.472 deg/sec2 
20 deg 
I n t e r v a l  2 Duration 10.945 s e c  6.250 s e c  5.550 s e c  
I n t e r v a l  1 Accelera t ion  1.264 f t / s e c 2  3.408 f t / s e c 2  8.476 deg/sec2 
I n t e r v a l  2 Decelera t ion  .122 f t / s e c 2  .273 f t / s e c 2  1.145 deg/sec  2 
Maximum Veloci ty 1.333 f r / s e c  1.704 f t / sec** 6.357 degfsec  
Washout Motion Detect ion 
P r o b a b i l i t y  .660** .640** .620** 
* Input  Cons t ra in t  
** Primary Driver i n  Parameter Se lec t ion  
washout d e t e c t i o n  p r o b a b i l i t y  of  about .60 wi th  a  t o t a l  d u r a t i o n  of  about 
8.0 seconds. Th i s  would involve  an i n t e r v a l  1 d u r a t i o n  cons iderably  below 
t h e  va lue  of .5  seconds inc luded i n  experiment 2  and t h u s  would r ep resen t  
an e x t r a p o l a t i o n  of t h e  da ta .  Since i t  i s  d i f f i c u l t  t o  b e  c e r t a i n  t h a t  t h e  
r eg res s ion  equat ions  hold f o r  very  s h o r t  i n t e r v a l  d u r a t i o n s ,  T1was increased  
t o  .5  second which y i e lded  a  t o t a l  d u r a t i o n  of 6.75 seconds and a  washout 
de t ec t ion  p r o b a b i l i t y  of .64 a s  shown i n  Table 6-2. 
6 . 3 . 3 -  P i t c h A x i s  
The s i t u a t i o n  wi th  regard  t o  downward a c c e l e r a t i o n  i n  t h e  p i t c h  a x i s  is 
s i m i l a r  t o  t h a t  of t h e  X-axis w i th  t h e  d i f f e r e n c e  t h a t  t h e  v e l o c i t y  l i m i t  i s  
not  a  cons t r a in ing fac to r .  A washout d e t e c t i o n  p r o b a b i l i t y  of .60 could be  
obtained wi th  about a 7 second t o t a l  du ra t ion .  Th i s  would involve  an i n t e r v a l  
1 dura t ion  of about  .5 second which is below t h e  minimum va lue  of .75 second 
s tud ied  i n  experiment 3. This  would involve  e x t r a p o l a t i o n  from t h e  d a t a  and 
a s  was done i n  t h e  case  of t h e  Z-axis, t h i s  s i t u a t i o n  was avoided. The 
i n t e r v a l  1 dura t ion  was r a i s e d  t o  .75 second r e s u l t i n g  i n  t o t a l  du ra t ion  of 
6.3 seconds and a washout d e t e c t i o n  p r o b a b i l i t y  of .62 a s  shown i n  Table 6-2. 
The recommended parameter l e v e l s  shown i n  Table 6-2 do not  r e f l e c t  
s p e c i a l  requirements of s p e c i f i c  v e h i c l e  s imula t ions .  The a n a l y s i s  could be 
r ev i sed  based on t rade-off  cons ide ra t ions  f o r  p a r t i c u l a r  s imula t ion  cases .  
I n  a d d i t i o n ,  d a t a  f o r  numerous o t h e r  motion cue/washout p r o f i l e s  could be 
prepared based on t h e  d a t a  of Table 6-1. The a n a l y s i s  presented  i n  t h i s  
s e c t i o n  i s  more an i l l u s t r a t i o n  of t h e  a p p l i c a t i o n  of t h e  d a t a  than  a  b a s i s  
f o r  f i rm  parameter requirements .  
6.4 - Discussion of Resu l t s  
The d a t a  f o r  a l l  axes show a s i g n i f i c a n t  dependence on t h e  t ime i n t e r v a l  
during which t h e  v e l o c i t y  change is app l i ed .  Th i s  f a c t  makes t h e  comparison 
of t h e  cu r ren t  da t a  wi th  previous  s t u d i e s  somewhat d i f f i c u l t  s i n c e  th re sho ld  
. 
values  a r e  f r equen t ly  p resen ted  i n  terms of r a t e  of v e l o c i t y  change without  
re ference  t o  p r e s e n t a t i o n  i n t e r v a l .  To permit  a  comparison, i t  i s  necessary  
t o  assume t h a t  t h e  ranges of t h re sho ld  va lues  from Table 1-1 a r e  v a l i d  f o r  
p re sen ta t ion  i n t e r v a l s  g r e a t e r  than  about 4.6 seconds s i n c e  a t  t h i s  d u r a t i o n ,  
t h e  exponent ia l  time e f f e c t  f i t t e d  t o  t h e  c u r r e n t  da t a  has  l i t t l e  e f f e c t .  
Figure 6-6 shows two curves  based on t h e  d a t a  of Table 6-1. The r e g r e s s i o n  
equat ions  f o r  t h e  t r a n s l a t i o n  axes were s e t  equal  t o  .55 and so lved  f o r  Dx 
o r  D,. A s i m i l a r  procedure was app l i ed  t o  produce .95 Dx o r  D, va lues  f o r  
a l l  t r a n s l a t i o n  motion p r o f i l e s .  These d a t a  a r e  shown a s  a  f u n c t i o n a l  r e l a -  
t i o n s h i p  between t h e  d e t e c t i o n  parameter b and t h e  Dx o r  D, va lue  necessary  
f o r  a  de t ec t ion  p r o b a b i l i t y  of .55 and .95. The h o r i z o n t a l  d i s t a n c e  between 
t h e  .55 and .95 curves i n d i c a t e s  t h e  range of a b s o l u t e  a c c e l e r a t i o n  l e v e l  
corresponding t o  t h e  d i f f e r e n c e  between near-chance performance and nea r  
c e r t a i n t y  of motion d e t e c t i o n .  For example, t h e  X-axis forward a c c e l e r a t i o n  
d e t e c t i o n  parameter (b)  - va lue  from Table 6-1 is 1.96. This  produces a  va lue  
of Dx of .0536 f o r  d e t e c t i o n  p r o b a b i l i t y  .55 and 1.1735 f o r  p r o b a b i l i t y  .95. 
The h o r i z o n t a l  l i n e s  i n  t h e  upper p a r t  of Figure 6-6 show t h e  range of acce l -  
e r a t i o n  thresholds  r epor t ed  i n  Table 1-1. 
Figure 6-6 i n d i c a t e s  a  g r e a t e r  s e n s i t i v i t y  t o  X-axis v e l o c i t y  changes 
than i n d i c a t e d  by t h e  l i t e r a t u r e .  The maximum range i n t e r v a l  determined f o r  
t h e  c u r r e n t , d a t a  i n  t h e  X-axis i s  t h a t  f o r  forward a c c e l e r a t i o n  which ranges 
, 
from .05 t o  1.2 f t / s e c 2 .  Comparison wi th  t h e  range given i n  Table 1-1 
(.4 t o  2.6 f t / s e c 2 )  demonstrates  t h a t  t h e  p resen t  d a t a  show a  lower c e n t r a l  
value and v a r i a b i l i t y  than do t h e  d a t a  r epor t ed  i n  Table 1-1. 
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FIGURE 6-6. COMPARISON OF LINEAR ACCELERATION SENSITIVITY 
FOR CURRENT DATA AND DATA FROM TABLE 1-1 
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The s i t u a t i o n  is reve r sed  f o r  t h e  Z-axis d a t a ,  however. While t h e  .55 
p r o b a b i l i t y  curve based on t h e  c u r r e n t  da t a  f a l l s  w i t h i n  t h e  threshold  range 
a s  given i n  Table 1-1, t h e  .95 p r o b a b i l i t y  curve f o r  Z-axis d a t a  r i s e s  con- 
s i d e r a b l y  beyond t h e  upper va lue  based on Table 1-1. It appears  l i k e l y  t h a t  
. . 
t h e  discrepancy a r i s e s  from t h e  th re sho ld  d e f i n i t i o n s  used i n  e a r l i e r  work. 
It does not  appear t h a t  a  t h re sho ld  d e f i n i t i o n  would produce an a c c e l e r a t i o n  
va lue  which would y i e l d  95% accuracy i n  t h e  p resen t  s tudy.  The range d e f i n i -  
t i o n  used h e r e  inc ludes  t h e  a c c e l e r a t i o n  va lues  which produce from .55 t o  .95 
p r o b a b i l i t y  of de t ec t ion .  The range of t h re sho lds  a s  given i n  Table 1-1 should 
be more s t r o n g l y  cons t ra ined  n o t  i nc lud ing  a c c e l e r a t i o n  va lues  a s  high a s  
those included i n  t h e  c u r r e n t  .55 t o  .95 p r o b a b i l i t y  range. When t h i s  f a c t o r  
i s  taken i n t o  account ,  t h e  comparison of c u r r e n t  d a t a  wi th  those  from Table 
1-1 would appear t o  i n d i c a t e  t h a t  t h e  c u r r e n t  d a t a  f o r  Z-axis a c c e l e r a t i o n  
de tec t ion  agree  f a i r l y  w e l l  wi th  previous  s t u d i e s .  I n  t h e  case of X-axis 
d e t e c t i o n ,  however, t h e  c u r r e n t  d a t a  i n d i c a t e  a  g r e a t e r  degree of s e n s i t i v i t y  
t o  X-axis a c c e l e r a t i o n  than  do t h e  Table 1-1 d a t a .  
- A  second means of comparison, which p a r t l y  avoids  t h e  th re sho ld  d e f i n i -  
t i o n  problem, i s  t o  s u b s t i t u t e  Table 1-1 va lues  i n  t h e  a p p r o p r i a t e  equat ions  
from Table 6-1. The r e s u l t s  of t h i s  a n a l y s i s  a r e  presented  i n  Table 6-3.  
It should be  noted t h a t  t h e s e  r e s u l t s  a r e  based on t h e  assumption t h a t  t h e  
c o n s t r a i n t s  of p r e s e n t a t i o n  time a r e  n e g l i g i b l e .  Table 6-3 suppor ts  t h e  
above content ion.  For t h e  X-axis, s u b s t i t u t i o n  of Table 1-1 a c c e l e r a t i o n  
va lues  i n  t h e  p resen t  equat ions  y i e l d s  p r o b a b i l i t i e s  ranging  from .769 t o  
near  uni ty .  This  sugges ts  t h a t  t h e  c u r r e n t  da t a  i n d i c a t e  g r e a t e r  s e n s i t i v i t y  
t o  X-axis a c c e l e r a t i o n s  than would be  supposed based on previous  r e s u l t s  
repor ted  i n  t h e  l i t e r a t u r e .  
Axis 
-
TABLE 6-3 PROBABILITY OF CORRECT DETECTION OF TRANSLATION VELOCITY 
CHANGE BASED ON SUBSTITUTION OF TABLE 1-1 VALUES I N  THE 
! REGRESSION EQUATIONS FROM TABLE 6-1 
Veloci ty Threshold 
Motion Change Accelera t ion  ( f t / s e c 2 )  
Direc t ion  Direc t ion  From Table 1-1 




Forward Accelera t ion  .394 2.625 
Aft  'Accelera t ion  .394 2.625 
Forward Decelera t ion  .394 2.625 
Aft Decelerat ion .394 2.625 
UP Accelera t ion  .033 .492 
Down Accelera t ion  .033 ,492 
UP Decelera t ion  .033 ,492 
Down Decelera t ion  .033 .492 
Detect ion 
P r o b a b i l i t y  




The Z-axis d a t a ,  however, conform more c l o s e l y  t o  p r i o r  r e s u l t s  s i n c e  
s u b s t i t u t i o n  of Table 1-1 va lues  i n  t h e  p resen t  equat ions  y i e l d s  p r o b a b i l i t i e s  
. . 
ranging from near-chance performance t o  a  maximum of . 8 3 2 .  
A s  regards  angular  a c c e l e r a t i o n  i n  t h e  p i t c h  a x i s ,  t h e  r e l evan t  d a t a  
a r e  shown i n  Figure 6-7. The v e r t i c a l  b a r  a t  t h e  top shows threshold  range 
da ta  from Stewart  (Ref. 11) f o r  p i t c h  d e t e c t i o n .  The curves dep ic t  t h e  .55 and 
.95 p r o b a b i l i t y  angular  a c c e l e r a t i o n s  a s  a  f u n c t i o n  of b. The d a t a  show rcuch 
t h e  same t r e n d s  a s  were i d e n t i f i e d  f o r  t h e  Z-axis t r a n s l a t i o n  d a t a  - t h e  95% 
curve be ing  r a i s e d  cons iderably  r e l a t i v e  t o  t h e  p r i o r  dara .  
The r e s u l t s  of  s u b s t i t u t i n g  t h e  va lues  given by Stewart  (Ref. 11) i n  t h e  
appropr i a t e  equat ions  from Table 6-1 a r e  shown in  Table 6-4. Here t h e  assump- 
t i o n  of no p r e s e n t a t i o n  time e f f e c t  is warranted s i n c e  S tewar t ' s  (Ref. 11) 
da t a  a r e  based on a  10  second p r e s e n t a t i o n  i n t e r v a l .  Based on t h i s  a n a l y s i s ,  
t h e  cu r ren t  d a t a  show f a i r  agreement wi th  S t e w a r t ' s  (Ref. 11) d a t a  s i n c e  
de tec t ion  p r o b a b i l i t i e s  i n  t h e  range from near-chance l e v e l  t o  a  maximum of 
.807 a r e  shown i n  Table 6-4. 
A f u r t h e r  comparison of t h e  c u r r e n t  d a t a  wi th  p r i o r  d a t a  involves  ind i -  
v idua l  d i f f e r e n c e s  i n  acceleration/deceleration s e n s i t i v i t y .  Stewart  (Ref. 11) 
has noted t h a t  l a r g e  i n d i v i d u a l  d i f f e r e n c e s  e x i s t  f o r  d e t e c t i o n  of angular  
a c c e l e r a t i o n  de tec t ion .  Clark and Stewart (Ref.  12), however, have shown t h a t  
p i l o t s  and non-pi lo ts  do not  d i f f e r  s i g n i f i c a n t l y  i n  s e n s i t i v i t y  sugges t ing  
t h a t  t h e  observed i n d i v i d u a l  d i f f e r e n c e s  a r e  not  s t r o n g l y  inf luenced  by 
experience i n  a c t i v i t i e s  r e g u i r i n g  motion cue u t i l i z a t i o n .  
To examine i n d i v i d u a l  d i f f e r e n c e  a s p e c t s  of t h e  p r e s e n t  d a t a ,  t h e  r a t i o  
of between s u b j e c t  va r i ance  t o  t o t a l  va r i ance  was c a l c u l a t e d  f o r  each a x i s  
. 
s tudied .  The r e l a t i o n s h i p  r equ i red  i s  given by Hayes (Ref. 15) a s :  
MOTION PROFILE 
PITCH UPWARD DECELERATION - 
PITCH DOWNWARD ACCELERATION 
PITCH DOWNWARD DECELERATION 
PITCH UPWARD ACCELERATION 
PITCH AXIS THRESHOLD RANGE 
. 1(FROM TABLE 1-1) r 
0 I I I I I 
0 2.0 4.0 6.0 8.0 10.0 
DETECTABILITY MEASURE D4 DEG. ISEC. 
FIGLiRE 6-7. COMPARISON OF ANGULAR ACCELERATION SENSITIVITY 
FOR CURRENT DATA AND DATA FROM TABLE 1-1 
TABLE 6-4 PROBABILITY OF CORRECT DETECTION OF PITCH VELOCITY 
CHANGE BASED ON SUESTITUTION OF STEWART'S (Ref. 11) 




Direc t ion  
P i t c h  UP 
P i t c h  Down 
P i t c h  UP 
Pi t ch  Down 
Veloci ty 
Change 
Direc t ion  
Threshold 2 Accelera t ion  (deglsec  ) 
From Table 1-1 




Accelera t ion  . l o  2.3 
Accelera t ion  .10 2.3 
Decelera t ion  .10 2.3 
Decelerat ion .10 2.3 
Detect ion 
P r o b a b i l i t y  





SS Between Sub jec t s  - df MS Within Sub jec t s  
w2 = SS T o t a l  + MS Within 
Where w2 ' = t h e  p ropor t ion  of t o t a l  va r i ance  accdunted f o r  by 
d i f f e r e n c e s  between s u b j e c t s  
The appropr i a t e  mean squares  and t h e  e s t ima tes  of w2 a r e  shown i n  Table 6-5. 
The d a t a  show t h a t  approximately 8 percent  of  t h e  t o t a l  d e t e c t i o n  p r o b a b i l i t y  
var iance  is accounted f o r  by s u b j e c t  d i f f e r e n c e s  i n  t h e  case  of p i t c h .  For 
t h e  t r a n s l a t i o n a l  axes ,  however, much lower percentages  from 1 . 3  t o  1.6 per- 
cent  of t o t a l  va r i ance  i s  a s s o c i a t e d  wi th  d i f f e r e n c e s  between s u b j e c t s .  The 
present  d a t a  t h u s  sugges t  t h a t  between s u b j e c t s  v a r i a t i o n  i n  d e t e c t i n g  l i n e a r  
a c c e l e r a t i o n  i s  l e s s  than  t h a t  f o r  angular  a c c e l e r a t i o n  de tec t ion .  
The hypothes is  t h a t  c o n t r a d i c t o r y  v i s u a l  motion cues would reduce accel-  
e r a t i o n  s e n s i t i v i t y  was t e s t e d  by t h e  c u r r e n t  s tudy w i t h  mixed r e s u l t s .  The 
o v e r a l l  de t ec t ion  p r o b a b i l i t i e s  f o r  combinations of a x i s ,  t e s t  cond i t ion ,  
motion d i r e c t i o n  and v e l o c i t y  change d i r e c t i o n  a r e  i l l u s t r a t e d  i n  Figure 6-8. 
I n  a l l  cases  t h e  v i s u a l  scene  provided cues i n d i c a t i n g  a forward cons tant  
v e l o c i t y  i n  t h e  X-axis. 
I n  terms of X-axis d e t e c t i o n  i n  t h e  forward d i r e c t i o n ,  no e f f e c t  of t e s t  
condi t ion  i s  evident .  Th i s  might be expected s i n c e  t h e  v i s u a l  cues d i d  not  
c o n f l i c t  wi th  non-visual cues - a t  l e a s t  a s  regards  d i r e c t i o n  of motion. For 
a f t  motion. however, t h e  reduced s e n s i t i v i t y  e f f e c t  i s  noted.  Th i s  e f f e c t  
accounts f o r  t h e  s i g n i f i c a n t  i n t e r a c t i o n  of t e s t  cond i t ion  and motion d i r e c t i o n .  
I n  t h e  Z-axis, downward a c c e l e r a t i o n  and upward d e c e l e r a t i o n  show some 
evidence of depressed s e n s i t i v i t y .  The remaining cond i t ions  appear t o  produce 
f a c i l i t a t i o n  of  d e t e c t i o n .  These r e s u l t s  cannot be regarded a s  s t a t i s t i c a l l y  
r e l i a b l e ,  however, i n  view of t h e  l a c k  of a s i g n i f i c a n t  three-way i n t e r a c t i o n .  . 
TABLE 6-5 PROPORTION OF DETECTION PROBABILITY 












X Between S u b j e c t s  17 5.92 .350 .013 
Within Sub jec t s  1422 231.58 . I63  
TOTAL 1439 237.50 ----- 
Y Between Sub jec t s  6 3.51 .580 .016 
Within Sub jec t s  553 130.06 .235 
TOTAL 559 133.57 ----- 
P i t c h  Between Sub jec t s  9 14.70 1.630 .081 
Within Sub jec t s  790 147.89 . I87 
TOTAL 799 162.59 ----- 
FORE AFT FORE AFT UP DOWN UP DOWN U P  DOWN U P  DOWN 
ACCEL. DECEL. ACCEL. DECEL. ACCEL. DECEL. 
FORE-AFT HEAVE P I T C H  
FIGURE 6-8. PROBABILITY O F  CORRECT DETECTION O F  VELOCITY CHANGE A S  A FUNCTION OF 
A X I S ,  MOTION D I R E C T I O N ,  VELOCITY CHANGE D I R E C T I O N ,  AND T E S T  CONDITIONS 
The p i t c h  d a t a  show s e n s i t i v i t y  r educ t ion  f o r  a c c e l e r a t i o n  but  l i t t l e  
. . 
o r  no e f f e c t  f o r  downward dece le ra t ion .  Upward d e c e l e r a t i o n  appears  t o  produce 
f a c i l i t a t i o n .  The three-way i n t e r a c t i o n  i s  not  s i g n i f i c a n t  f o r  p i t c h  bu t  a n  
i n t e r a c t i o n  between t e s t  condi t ion ,  v e l o c i t y  change d i r e c t i o n ,  and case was 
found t o  be s i g n i f i c a n t  a t  t h e  .05 l e v e l .  Th i s  would suppor t  an i n t e r p r e t a t i o n  
of s e n s i t i v i t y  depress ion  dur ing  p i t c h  a c c e l e r a t i o n  b u t  no e f f e c t  a s soc ia t ed  
wi th  d e c e l e r a t i o n  - t h e  appearance of t h i s  t r e n d ,  however, depending on 
magnitude of v e l o c i t y  change. 
The da ta  then  p a r t i a l l y  suppor t  t h e  hypothes is  of depress ion  of motion 
cue s e n s i t i v i t y  i n  response t o  a  c o n t r a d i c t o r y  v i s u a l  p re sen ta t ion  f o r  t h e  X 
and p i t c h  axes. L i t t l e  evidence of  such  an e f f e c t  was found f o r  t h e  Z-axis. 
It should be noted from Figure  6-8 t h a t  t h e  h i g h e r  p r o b a b i l i t y  d a t a  p o i n t s  
tend t o  show s e n s i t i v i t y  reduct ion .  The Z-axis d a t a  nay have been obta ined  
too near  t h e  chance l e v e l  f o r  s e n s i t i v i t y  depress ion  t o  occur.  
The d a t a  sugges t  t h a t  v i s u a l  e f f e c t s  on non-visual motion s e n s i t i v i t y  
a r e  worthy of f u r t h e r  s tudy.  It would appear t h a t  s i n c e  complex v e h i c l e  
s imula t ion  is cha rac te r i zed  by c o n t r o l  t a s k s  and predominantly forward motion 
v i s u a l  cues,  somewhat g r e a t e r  a c c e l e r a t i o n  va lues  might be used f o r  washout 
procedures than would be expected based on s t u d i e s  which remove v i s u a l  input .  
Where v i s u a l  e f f e c t s  on non-visual motion d e t e c t i o n  were i d e n t i f i e d  i n  t h e  
cu r ren t  da t a ,  t h e s e  e f f e c t s  have been inco rpora t ed  i n t o  t h e  r eg res s ion  equa- 
t i o n s  summarized i n  Table 6-1. 
F i n a l l y ,  i t  should be noted t h a t  t h e  c u r r e n t  s tudy made no at tempt t o  
i s o l a t e  v e s t i b u l a r  cues from motion cues a r i s i n g  from o t h e r  sensory moda l i t i e s .  
I n  t h e  t r a n s l a t i o n  s t u d i e s  cues invo lv ing  s e a t  p r e s s u r e ,  limb p o s i t i o n ,  and 
v e s t i b u l a r  response were a l l  a v a i l a b l e  t o  t h e  s u b j e c t  s i n c e  these  would be 
gene ra l ly  a v a i l a b l e  i n  s imula t ion  e x e r c i s e s .  S imi l a r ly  f o r  t h e  p i tch .exper iment  
t h e  c e n t e r  of r o t a t i o n  of t h e  cab was l o c a t e d  below t h e  s u b j e c t ' s  s e a t e d  
posi tcon.  T r a n s l a t i o n  cues i n  t h e  X and Z axes  were thus  confounded wi th  
pure r o t a t i o n  cues. For t h e s e  reasons ,  t h e  func t ions  presented  i n  Table 6-1 
should simply be regarded a s  empi r i ca l  r eg res s ion  equat ions .  While an a t tempt  
was made t o  r e l a t e  t h e  f u n c t i o n a l  forms employed i n  r e g r e s s i o n  t o  a v a i l a b l e  
information on t h e  v e s t i b u l a r  response,  i t  is n o t  implied t h a t  t h e  func t ions  
used model t h e  v e s t i b u l a r  system i n  any exac t  way. The func t ions  were 
developed s o l e l y  t o  permit  g e n e r a l i z a t i o n  from t h e  d a t a  p o i n t s  inc luded i n  
t h e  study. 
7.0 EXECUTIVE SUMNARY 
The p resen t  s tudy d e a l s  w i th  motion pe rcep t ion  i n  high f i d e l i t y  motion 
s imulz t ion .  I n  s imula t ing  any of a  wide v a r i e t y  of v e h i c l e s ,  methods f o r  
providing non-visual motion cues corresponding t o  v e h i c l e  a c c e l e r a t i o n s  a r e  
of importance. Since a  s imula to r  cab w i l l  have t r a v e l  c o n s t r a i n t s  determined 
by t h e  d e t a i l s  of i ts c o n s t r u c t i o n ,  a c c e l e r a t i o n s  commanded by t h e  ope ra to r  
and t h e  r e s u l t i n g  r a t e s  cannot be maintained i n d e f i n i t e l y .  An approach be ing  
c u r r e n t l y  considered by persons  involved i n  complex s imula t ion  r e q u i r e s  
approximating t h e  commanded a c c e l e r a t i o n  and then  n u l l i n g  t h e  acquired r a t e  
wi th  a  d e c e l e r a t i o n  not  d e t e c t a b l e  by t h e  ope ra to r .  The technique of applying 
an impercept ib le  d e c e l e r a t i o n  t o  n u l l  t h e  cab r a t e  is o f t e n  termed "washout". 
The maximum r a t e  of v e l o c i t y  change pe rmiss ib l e  dur ing  washout i s  cons t ra ined  
by t h e  s e n s i t i v i t y  of t h e  human observer  t o  non-visual acce le ra t ion /dece le ra -  
t i o n  cues.  These inc lude  t h e  response of t h e  v e s t i b u l a r  system, limb p o s i t i o n  
senso r s ,  and p r e s s u r e  senso r s  i n  t h e  sensory  system. 
The s tudy r epor t ed  h e r e  was designed t o  measure observer  s e n s i t i v i t y  t o  
a c c e l e r a t i o n s  and d e c e l e r a t i o n s  us ing  t h e  NASA Marshal l  Space F l i g h t  Center 
General Purpose Simulator .  The o b j e c t i v e  of t h e  s tudy  was t o  e s t a b l i s h  
acceptable  a c c e l e r a t i o n  l e v e l s  f o r  washout i n  applying t h e  s imula tor  t o  a  
wide v a r i e t y  of v e h i c l e s  inc lud ing  a i r c r a f t ,  s p a c e c r a f t ,  and su r face  veh ic l e s .  
Since t h e  General Purpose Simulator  u t i 1 i z e s . a  s t a t e -o f - the  a r t  v i s u a l  system, 
t h e  hypothesis  was considered t h a t  non-visual motion s e n s i t i v i t y  would be 
depressed i n  t h e  presence of s u i t a b l e  v i s u a l  cues corresponding t o  t h e  com- 
manded a c c e l e r a t i o n  and r e s u l t i n g  r a t e .  That is, t h e  v i s u a l  scene presented  
t o  t h e  ope ra to r  need n o t  be washed-out. The v i s u a l  scene p r e s e n t a t i o n  can 
respond t o  a  commanded a c c e l e r a t i o n  and can continue a t  t h e  acquired r a t e  
- 
presen t ing  v i s u a l  cues which correspond t o  t h e  a c t u a l  v e h i c l e  motion. It  i s  
t h e  cab motion which must be washed-out and t h e  washout non-visual  cues which 
should be impercept ib le .  The v i s u a l  and non-visual cues a r e  con t rad ic to ry  
i n  t h i s  s i t u a t i o n  and t h e  hypothes is  put  f o r t h  h e r e  is t h a t  'the v i s u a l  cues 
w i l l  depress  s e n s i t i v i t y  t o  t h e  non-visual cues. 
To ca r ry  out  t h e  s tudy ,  t h e  General Purpose Simulator was programmed t o  
produce cab v e l o c i t y  ramps having va r ious  r a t e s  of v e l o c i t y  change. Tes t ing  
was conducted us ing  a c c e l e r a t i o n  and d e c e l e r a t i o n  i n  both d i r e c t i o n s  i n  t h e  
fo re -a f t ,  v e r t i c a l ,  and p i t c h  axes. I n  one t r i a l ,  motion was presented  i n  
only one d i r e c t i o n  of one a x i s .  During a  t r ia l ,  one i n t e r v a l  of t ime contained 
cons tant  v e l o c i t y  and one i n t e r v a l  contained a  v e l o c i t y  ramp. The s u b j e c t  
a t tempted t o  des igna te  t h e  i n t e r v a l  conta in ing  a  change i n  v e l o c i t y .  The 
p r o b a b i l i t y  of des igna t ing  t h e  c o r r e c t  i n t e r v a l  was used a s  t h e  dependent 
measure. 
To t e s t  t h e  con t rad ic to ry  cue hypo thes i s ,  t r i a l  b locks  were run under one 
of two condi t ions .  I n  t h e  b a s e l i n e  cond i t ion ,  t h e  s imula to r  cab i n t e r i o r  was 
blacked out  and t h e  s o l e  t a s k  was t o  respond by des igna t ing  an i n t e r v a l  upon 
t h e  completion of each t r i a l .  I n  t h e  con t rad ic to ry  cue cond i t ion ,  t h e  s u b j e c t  
performed a  continuous l a t e r a l  t r ack ing  t a s k  wi th  input  from t h e  v i s u a l  system. 
The v i s u a l  scene corresponded t o  a  forward cons tant  v e l o c i t y  over a  t e r r a i n  
model p lus  induced l a t e r a l  excurs ions  which t h e  s u b j e c t  a t tempted t o  n u l l  v i a  
a  s t e e r i n g  wheel. The cab motion was not  inf luenced  by t h e  s u b j e c t ' s  c o n t r o l  
a c t i o n s  bu t  was s t r i c t l y  programmed t o  t e s t  non-visual motion cue s e n s i t i v i t y .  
The r e s u l t s  i n d i c a t e d  t h a t  d e t e c t i o n  p r o b a b i l i t y  was inf luenced  by a l l  
t h e  independent v a r i a b l e s  i n  t h e  s tudy which included:  
. Axis 
. Direc t ion  of motion 
. Sign of v e l o c i t y  change 
. Rate of v e l o c i t y  change 
. I n t e r v a l  du ra t ion  
. Contradictory cues 
The con t rad ic to ry  cue hypothes is  was p a r t l y  supported by the  da ta .  For 
X-axis motion, depress ion  of s e n s i t i v i t y  was noted f o r  a f t  motion *hen contra-  
d i c t o r y  v i s u a l  cues were in t roduced.  No s t a t i s t i c a l l y  r e l i a b l e  c o n t r a d i c t o r y  
cue e f f e c t s  were found f o r  motion i n  t h e  Z-axis. The p i t c h  d a t a  showed sen- 
s i t i v i t y  depress ion  f o r  a c c e l e r a t i o n  bu t  no e f f e c t  i n  t h e  case  of d e c e l e r a t i o n .  
To gene ra l i ze  t h e  d a t a ,  a s e r i e s  of exponent ia l  r e g r e s s i o n  equa t ions  were 
developed t o  desc r ibe  t h e  d a t a  and permit  i n t e r p o l a t i o n .  The r e g r e s s i o n  
equat ions  inco rpora t e  t h e  e f f e c t s  of r a t e  of change of  v e l o c i t y  and i n t e r v a l  
dura t ion .  A s e p a r a t e  equat ion  was f i t t e d  t o  t h e  p r o b a b i l i t y  d a t a  f o r  each 
combination of a x i s ,  motion d i r e c t i o n ,  and d i r e c t i o n  of v e l o c i t y  change where 
these  v a r i a b l e s  were found t o  e x e r t  s t a t i s t i c a l l y  s i g n i f i c a n t  e f f e c t s  on 
de tec t ion  p r o b a b i l i t y .  The r e s u l t i n g  r e g r e s s i o n  equat ions  con ta in  a  para- 
meter which measures s e n s i t i v i t y  t o  v e l o c i t y  change. These parameter va lues  
desc r ibe  t h e  r a t e  a t  which p r o b a b i l i t y  of d e t e c t i o n  i n c r e a s e s  wi th  r a t e  of 
v e l o c i t y  change and i n t e r v a l  du ra t ion .  Where s i g n i f i c a n t  e f f e c t s  of contra-  
d i c t o r y  v i s u a l  cues were found, t h e s e  decrements i n  s e n s i t i v i t y  were incor-  
porated i n t o  t h e  d a t a  f i t t e d  by t h e  r eg res s ion  equat ions .  
The r e s u l t i n g  equat ions  thus  y i e l d  a  p red ic t ed  v e l o c i t y  chenge d e t e c t i o n  
p r o b a b i l i t y  f o r  a  p a r t i c u l a r  pa rame t r i c  combination of r a t e  of v e l o c i t y  change 
and t h e  dura t ion  over which t h e  r a t e  is appl ied .  This p red ic t ed  p r o b a b i l i t y  
can be obtained f o r  any of t h e  t h r e e  axes  s t u d i e d ,  and e i t h e r  d i r e c t i o n o f  
motion and d i r e c t i o n  of v e l o c i t y  change. 
To i l l u s t r a t e  t h e  use of  t h e s e  equa t ions ,  motion p r o f i l e s  were developed 
f o r  s e l e c t e d  cases  where t h e  motion provides a  v a l i d  a c c e l e r a t i o n  cue aid a 
washout d e c e l e r a t i o n  which should be  impercept ib le .  The motion p r o f i l e s  
were c a l c u l a t e d  t o  y i e l d  a  p r o b a b i l i t y  of .90 of proper  cue d e t e c t i o n  and a  
p r o b a b i l i t y  of .60 of washout cue d e t e c t i o n  ( . 5 0  r e p r e s e n t s  t h e  chance 
l e v e l ) .  
Comparison of t h e  p resen t  da t a  wi th  o t h e r  published a c c e l e r a t i o n  th re sho ld  
da ta  suggested agreement i n  terms of s e n s i t i v i t y  t o  v e r t i c a l  and p i t c h  a x i s  
acce le ra t ion .  I n  t h e  case  of fo re -a f t  a c c e l e r a t i o n s ,  however, t h e  p resen t  
da t a  suggested g r e a t e r  s e n s i t i v i t y  than  has  been r epor t ed  i n  t h e  l i t e r a t u r e .  
APPENDIX I 
DETECTION OF ACCELERATIOM/DECELERATION - THEORY 
1.1 - The C l a s s i c a l  Concept of Threshold 
. . 
The present  d i scuss ion  examines t h e  consequences of a t tempts  by human 
observers  t o  d e t e c t  weak sensory  s i g n a l s .  The genera l  concepts developed 
he re  apply t o  a  v a r i e t y  of s e n s i t i v i t y  experiments .  E x p l i c i t  r e l a t i o n s  
between the  theory and t h e  c u r r e n t  o b j e c t i v e s  w i l l  be  developed i n  a  l a t e r  
s ec t ion .  
C l a s s i c a l  s t u d i e s  of t h e  d e t e c t a b i l i t y  of s t i m u l i  employed t h e  no t ion  
of t h e  sensory th re sho ld  - t h a t  s t imu lus  i n t e n s i t y  which i s  " j u s t  de tec table" .  
Laboratory methods were worked o u t  100 yea r s  ago f o r  ob ta in ing  such da ta .  I n  
theory ,  a  wel l - t ra ined  observer  should produce an all-or-none s t e p  func t ion  
l i k e  curve - A i n  Figure 1-1. Unfor tunate ly ,  empi r i ca l  func t ions  look more l i k e  
Due t o  t h i s  f a c t ,  an a r b i t r a r y  convention was adopted. The s t imulus  
va lue  which could be  de tec t ed  wi th  a  p r o b a b i l i t y  of .50 was taken as  t h e  
threshold .  Today, t h i s  approach is st i l l  f r equen t ly  adequate f o r  system 
design where t h e  i n t e n s i t y  of va r ious  s i g n a l s  may be s e l e c t e d  by t h e  des igner  
and a rough threshold  measure i s  s u f f i c i e n t .  
The cu r ren t  purpose, however, i s  t o  examine d e t a i l s  of d e t e c t i o n  per for -  
mance s o  t h a t  a r b i t r a r i l y  chosen th re sho lds  appear inadequate.  The na ive  
threshold  approach o u t l i n e d  above f a i l s  f o r  two reasons  - i t  says  noth ing  
about f a l s e  alarms o r  cases  where t h e  observer  r e p o r t s  a  s i g n a l  al though none 
was presented and i t  does not  t a k e  account of a t t i t u d e  and mot iva t ion  f a c t o r s .  
I n  c l a s s i c a l  psychophysics,  i t  was assumed t h a t  t h e  observer  was t r a i n e d  t o  
avoid b i a s e s  and t o  r e p o r t  h i s  " t r u e  mental experience". The p r e s e n t a t i o n  of 
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FIGURE 1-1. HYPOTHETICAL PSYCHOMETRIC FUNCTIONS 
@ @ = event "s ignal  presented" / @ = event "s ignal  not  presented" 
@ @ = event  " threshold passed" 
@ = n o t  D 
@ @ = response  event  "yes, a 
s i g n a l  i s  p resen t "  
@ = response event  "no" 
p = p r o b a b i l i t y  t h a t  t h e  s i g n a l  
exceeds t h e  threshold  
6 = guessing parameter 
FIGURE 1-2. HIGH THRESHOLD THEORY TREE DIAGRAM 
experimental  t r i a l s  wherein no s i g n a l  was presented  was r e f e r r e d  t o  a s  us ing  
"catch t r i a l s " .  I f  an observer  . reported a  d e t e c t i o n  i n  t h e s e  cases ,  he was 
t o l d  t o  be more c a r e f u l .  Even s o ,  a  c e r t a i n  propor t ion  of f a l s e  alarm e r r o r s  
were gene ra l ly  found. This l e d  t o  t h e  c o r r e c t i o n  f o r  guegsing model which i s  
sometimes c a l l e d  t h e  high th re sho ld  theory  today. 
1 . 2  - High Threshold T h e o q  
The theory  holds t h a t  a  somewhat s t o c h a s t i c  threshold  e x i s t s  s o  t h a t  a  
s t imulus  of f i x e d  i n t e n s i t y  has  a f i x e d  p r o b a b i l i t y  of exceeding t h e  threshold .  
I f  t h e  th re sho ld  is exceeded, t h e  observer  always says  "yes". I f  t h e  threshold  
is not  exceeded, t h e  observer  says  "yes" w i t h  a  guessing p r o b a b i l i t y .  This  
p r o b a b i l i t y  is a  p a r t  of t h e  obse rve r ' s  s t r a t e g y  and i s  inf luenced  by a t t i t u d e s  
and motivat ion.  A t r e e  diagram o f  t h e  process  is shown i n  Figure 1-2. 
The theory supposes t h a t  s i g n a l s  a r e  presented  i n  background no i se  ( i n  t h e  
nervous system i f  not  e x t e r n a l l y )  bu t  t h a t  t h i s  background can never exceed 
t h e  threshold  s o  t h a t  " t rue"  f a l s e  alarms can never  occur .  There a r e  four  
cond i t iona l  p r o b a b i l i t i e s :  
HIT 
- P(S/s )  = 0 + (1-6)6 
If s i s  p resen t  
MISS 
- P(N/S) = (1-5) (1-6) (1-1) 
FALSE ALAREI P(S/n) = 6  
I f  s i s  not  p re sen t  
CORRECT REJECTION P(N/n) = 1-6 
These p r o b a b i l i t i e s  m y  b e  found empi r i ca l ly .  Note t h a t  6 i s  a  measure of 
d e t e c t a b i l i t y  of t h e  s i g n a l  and 6 i s  a  s t r a t e g y  parameter which t h e  observer  
changes depending on t h e  payoffs  and c o s t s  of c o r r e c t  responses and e r r o r s  and 
on t h e  l i k l i h o o d  of  s i g n a l s .  This  assumes a  d e t e c t i o n  process  which i s  t h e  
reason f o r  t h i s  s tudy and a dec i s ion  process  which clouds t h e  i s s u e .  
. 
Under t h e  i n i t i a l  problem s t a t emen t ,  P(S/s )  i s  of i n t e r e s t  f o r  t h e  psy- 
chometric funct ion .  This  s t a t i s t i c ,  however, i s  a  func t ion  of both d e t e c t i o n  
and dec i s ion  parameters.  P (S / s )  may i n c r e a s e  i f  t h e  s i g n a l  d e t e c t a b i l i t y  
($1 is  increased  - o r  i f  t h e  observer  i n c r e a s e s  h i s  w i l l i ngness  t o  guess.  The 
guessing c o r r e c t i o n  approach a s s e r t s  t h a t  B is  what should be  p l o t t e d  on t h e  
o rd ina te  of t h e  psychometric func t ion .  From t h e  model: 
I n  theory ,  then ,  t h e  f a l s e  alarm r a t e  may be used t o  "correc t"  t h e  h i t  r a t e  
f o r  guessing and s o  e s t i m a t e  t h e  d e t e c t i o n  parameter B. This approach is 
s t i l l  seen i n  t h e  l i t e r a t u r e .  Unfor tunate ly ,  t h e  model may be shown t o  be 
wrong, a s  w i l l  become apparent  s h o r t l y .  A t  t h i s  poin t  i t  i s  s u f f i c i e n t  t o  
no te  t h a t  the  model p r e d i c t s  t h a t  P(S/s )  w i l l  vary  l i n e a r l y  with P(S/n) a s  
t h e  observer  changes 6 .  
1.3 - Theory of S ignal  D e t e c t a b i l i t y  
- - 
Much of t h e  motivat ion f o r  t h e  guess ing  c o r r e c t i o n a p p r o a c h  de r ives  
from t h e  f a c t  t h a t  the  psychometric func t ion  may be d isp laced  along t h e  stimu- 
l u s  i n t e n s i t y  a x i s  if changes a r e  inducted  i n  dec i s ion  behavior.  Th i s  sugges ts  
t h a t  a  d e t e c t a b i l i t y  measure i s  needed which remains i n v a r i a n t  when dec i s ion  
behavior v a r i e s  and which may be e s t ima ted  from d a t a  d e s p i t e  t h e  dec i s ion  
process.  
An approach which has  been supported by cons iderable  empi r i ca l  d a t a  and 
which at tempts  t o  come t o  g r i p s  wi th  d e c i s i o n  f a c t o r s  has  been termed t h e  
theory of s i g n a l  d e t e c t a b i l i t y  (TSD) (Ref. 13 ) .  Th i s  theory  begins by cons ide r ing  
. 
dec i s ion  processes  a s  an i n t e g r a l  p a r t  of d e t e c t i o n  performance r a t h e r  than  
t r ack ing  i t  on out  of  d e s p a i r  a s  is t r u e  of t h e  c l a s s i c a l  approach. 
The po in t  of depa r tu re  of t h i s  theory  i s  a  dec i s ion  a x i s  which may be 
thought of temporar i ly  a? a  n e u r a l  system v a r i a b l e  (x) and i b e  p r o b a b i l i t y  
dens i ty  func t ions  f o r  sensory e f f e c t s  of n o i s e  and s i g n a l  p lus  no i ses .  The 
two d i s t r i b u t i o n s  a r e  considered t o  be  i d e n t i c a l  Gaussians. 'dhilc t h i s  
assumption is o f t e n  made, i t  is not  necessary.  Empirical  r e s u l t s  o f t e n  show 
non-equality of va r i ances  and non-Gaussian forms a r e  sometimes suggested.  The 
r e s u l t  a v a i l a b l e  t o  t h e  observer  on a  s i n g l e  t r i a l  i s  a  sample va lue  of x.  
H i s  t a s k  i s  t o  dec ide  whether t h i s  i s  a sample from t h e  n o i s e  alone o r  t h e  
s i g n a l  p l u s  n o i s e  d i s t r i b u t i o n .  Formally, i f  f ( x / s )  and f ( x / n )  a r e  t h e  normal 
d e n s i t i e s ,  and i f  x is observed,  an opt imal  dec i s ion  r u l e  involves  t h e  l i k e l i -  
hood r a t i o :  
For s i n g l e  va lue  x 
Lx t h e r e f o r e  has  a  continuous d e n s i t y  over  x and we can cons ider  condi- 
t i o n a l  d e n s i t i e s  f o r  Lx based on n o i s e  a lone  and s i g n a l  p l u s  n o i s e  - f(Lx/n)  
/- - 
-- 
and f(Lx/s) .  These d e n s i t i e s  form t h e  l i k e l i h o o d  r a t i o  of the  l i ke l ihood  
r a t i o :  
and i t  can be shown t h a t  
So t h a t  t h e  dec i s ion  a x i s  may be considered a s  a  l i k e l i h o o d  r a t i o  continuum 
and n e u r a l  v a r i a b l e s  need n o t  be  considered.  A l l  t h e  informat ion  a v a i l a b l e  t o  
t h e  observer  is contained i n  t h e  l i k e l i h o o d  r a t i o  Lx which a rose  from: 
f (Lx/n) I f  n o i s e  a lone  i s  p resen t  
o r  
f  (Lx/s) I f  ' s igna l  p lus  n o i s e  i s  p resen t  
The d e s c r i p t i o n  of sensory event  informat ion  as a  l i k e l i h o o d  r a t i o  dimension 
i s  v a l i d  even i f  t h e  sensory event  con ta ins  m u l t i p l e  cues. 
To summarize - TSD r e j e c t s  t h e  na ive  threshold  a s s e r t i o n  and supposes 
t h a t  t h e  observer  i s  cont inuous ly  s e n s i t i v e  t o  sensory  events .  The l i k e l i -  
hood r a t i o  captures  t h e  informat ion  a v a i l a b l e  t o  him and descr ibes  h i s  uncer- 
t a i n t y  about t h e  source  of t h e  obse rva t ion  - n o i s e  alone o r  s i g n a l  p lus  no i se .  
I f  t h e  l i ke l ihood  r a t i o  were .l, n o i s e  would b e  l i k e l y .  I f  10.0, s i g n a l  would 
be l i k e l y .  
The dec i s ion  process  remains t o  be  pos tu l a t ed .  The theory i s  normative 
i n  t h a t  it supposes t h e  d e c i s i o n  goa l  t o  have opt imal  p r o p e r t i e s .  The postu- 
l a t e d  process  i s  one f a m i l i a r  i n  d e c i s i o n  theory.  It supposes t h a t  t h e  
observer  a t t empt s  t o  maximize expected va lue .  
To express  expected v a l u e - i t  i s  necessary  t o  cons ider  t h e  p r i o r  s i g n a l  
- 
and no i se  p r o b a b i l i t i e s  and t h e  c o s t s  and payoffs  a s soc ia t ed  wi th  t h e  p o s s i b l e  
outcomes of a  t r i a l  a s  shown i n  Table 1-1. 
TABLE 1-1 - HYPOTHETICAL COST-PAYOFF MATRIX 
S t a t e  Of Response 
Stimulus Noise P(n) S igna l  P(s )  
Noise 
S igna l  
P(s )  = Propor t ion  of t r i a l s  having s i g n a l  
P(n) = 1-P(s) 
C.R. V(N/n) F.A. v ( s / ~ )  ' 
MISS V(N/s) HIT V(S/s) 
The V e n t r i e s  a r e  va lues  which accrue  t o  t h e  s u b j e c t  based on t r i a l  outcome. 
For example, s u b j e c t s  might be  pa id  10c f o r  a h i t  and charged 1~ f o r  a f a l s e  
alarm. I n  terms of t h e  o b j e c t i v e  payoff ma t r ix ,  t h e  expected va lue  of a 
t r i a l  i s :  
It may be shown t h a t  EV i s  maximized w i t h i n  t h e  c o n s t r a i n t s  of t h e  t a s k  
i f  a l i k e l i h o o d  r a t i o  c r i t e r i o n  i s  used. The c r i t e r i o n  i s :  
Where 
The theory  i s  one of a n  opt imal  observer  who responds "signal"  whenever 
a l i ke l ihood  r a t i o  a s  l a r g e  a s  o r  l a r g e r  than  6 occurs  and who says  "noise" 
otherwise. Data from such an observer  y i e l d s  a p a r t i c u l a r  - form of a func t ion  
c a l l e d  t h e  r e c e i v e r  - opera t ing  c h a r a c t e r i s t i c .  Such a func t ion  may be 
obtained by p l o t t i n g  P(S/s)  a g a i n s t  P(S/n) a s  t h e  c r i t e r i o n  changes. Suppose 
t h a t  t h e  n o i s e  and s i g n a l  d i s t r i b u t i o n s  a r e  i d e n t i c a l  Gaussians which a r e  
independent and whose means a r e  sepa ra t ed  by 0. L e t p n o i s e  = - 0  and 0 = 1.0. 
Then t h e  rece iver -opera t ing  c h a r a c t e r i s t i c  (ROC) depends on t h e  s e p a r a t i o n  
between t h e  no i se  and s ignal - to-noise  means. I n  t h e  assumed case o r  no i se  
= 0 and )1 s i g n a l  + n o i s e  = 1.0. The r e s u l t i n g  ROC curve has  t h e  fotm shown i n  , 
Figure 1-3. 
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FIGURE 1-3. EMPIRICAL RECEIVER OPERATOR CIIARACTERISTIC FROM GREEN & SWETS ( R e f . 1 3  ) 
. 
The ROC curve p red ic t ed  by t h e  theory has  t h e  fol lowing p r o p e r t i e s :  
. The curve is swept out  by induc t ing  t h e  observer  t o  vary h i s  
c r i t e r i o n .  
. The observer  moves along t h e  curve based on h i s  dec i s ion  s t r a t e g y .  
. Changes i n  d e t e c t a b i l i t y  sweep out  a  family of cu~ve ' s .  The curve 
i s  what is i n v a r i a b l e  i n  t h e  s i t u a t i o n .  
. The curve i s  symmetrical about t h e  negat ive  d iagonal  i f  and only 
i f  t h e  no i se  and s i g n a l  d i s t r i b u t i o n s  have i d e n t i c a l  var iance .  
. The d e r i v a t i v e  of t h e  ROC curve g ives  t h e  l i ke l ihood  r a t i o  
c r i t e r i o n  which generated t h e  po in t  i n  ques t ion .  
. The a r e a  under t h e  ROC curve g ives  a  f i g u r e  of m e r i t  f o r  t h e  
d e t e c t a b i l i t y  of t h e  s t imu lus  which generated t h e  curve. 
. , 
, . ., ;~? 
. For t h e  equal  va r i ance  case ,  p l o t t i n g  t h e  ROC curve on doub le  :.."':? . . :..-:: . 
p r o b a b i l i t y  paper y i e l d s  a  s t r a i g h t  l i n e .  From t h i s - f u n c t % o n  
a measure d: 
may be  defined.  d l i s  a  measure of t h e  sepa ra t ion  of t h e  s i g n a l  
j " , :  ' . and n o i s e  d i s t r i b u t i o n s .  It i s  c a l c u l a t e d  o p e r a t i o n a l l y  from 
normal t ransformat ions  of t h e  p r o b a b i l i t y  va lues  observed. 
1.4 - Empirical  Methods f o r  Measuring S igna l  D e t e c t a b i l i t y  
1.4.1 - Yes - No Method 
-- 
The observer  responds yes  o r  no t o  each t r i a l .  A s e l e c t e d  propor t ion  of 
t r i a l s  con ta ins  t h e  s i g n a l  and t h e  remainder con ta in  noise .  This  propor t ion  
a s  w e l l  a s  payoffs  may be v a r i e d  t o  s tudy  dec i s ion  behavior .  S igna l  s t r e n g t h  
may be  v a r i e d  t o  s tudy d e t e c t a b i l i t y .  An example of d a t a  from t h i s  type  of 
experiment is shown i n  F igure  1-3. The d a t a  were c o l l e c t e d  by Green & Swets 
(Ref.13) from a  t a s k  r e q u i r i n g  d e t e c t i o n  of a  pure tone i n  aud i to ry  no i se .  
The yes-no procedure i s  s i m i l a r  t o  t h e  psychometric th re sho ld  methods 
previous ly  descr ibed .  The d i f f e r e n c e  i s  t h a t  t h e  f a l s e  alarm r a t e  y i e l d s  a s  
much information on sensory  processes  a s  does t h e  h i t  r a t e .  While t h e  
. . 
guessing c o r r e c t i o n  o r  h igh  th re sho ld  model r e f l e c t s  t h e  importance of f a l s e  
alarms,  t h e  form of t h e  ROC curve i t  p r e d i c t s  cannot account f o r  da t a  obse-rved 
i n  experiments. We have e s t a b l i s h e d  t h a t  t h e  h i t  and f a l s e  alarm p r o b a b i l i t i e s  
given by t h e  h igh  th re sho ld  model a r e :  
Therefore ,  s u b s t i t u t i n g  eq. (1-12) i n  eq. (1-11) : 
The h i t  r a t e  i s  l i n e a r l y  i n c r e a s i n g  on t h e  f a l s e  a la rm r a t e  a s  6 v a r i e s .  




The high th re sho ld  model ROC curve i s  l i n e a r .  It has  i n t e r c e p t  6 and passes  
through t h e  po in t  ( 1 , l ) .  Appl ica t ion  of t h e  two t h e o r i e s  t o  curve f i t t i n g  
us ing  a  wide range of empi r i ca l  d a t a  t y p i f i e d  by those  i n  F igure  1-3 has  
r e s u l t e d  i n  r e j e c t i o n  of t h e  high th re sho ld  theory  (Ref. 1 3 ) .  
The problem a r i s i n g  from t h e  a p p l i c a t i o n  of t h e  theory  of s i g n a l  de t ec t -  
a b i l i t y  i n  t h e  c u r r e n t  context  i s  t h e  large'number of t r i a l s  r equ i red  by t h e  
yes-no method. Varying s i g n a l  s t r e n g t h  (magnitude of v e l o c i t y  change i n  the  
p resen t  case)  r e q u i r e s  d a t a  necessary  t o  p l o t  a s  many ROC curves a s  t h e r e  a r e  
s i g n a l  s t r e n g t h  l e v e l s  of i n t e r e s t .  Since 5 t o  7 d a t a  p o i n t s  a r e  u s u a l l y  
necessary t o  ?pec i f$  one curve ,  - t h e  method i s  exper imenta l ly  cumbersome; If 
complete ROC d a t a  - were a v a i l a b l e ,  an a n a l y s i s  of parameters of t h e  curve would 
be  performed t o  c h a r a c t e r i z e  t h e  curve and hence t o  c h a r a c t e r i z e  t h e  d e t e c t -  
a b i l i t y  of a p a r t i c u l a r  l e v e l  of s i g n a l  s t r e n g t h .  A s  d i scussed  p rev ious ly ,  
I 
t h e  parameters used f o r  t h i s  purpose a r e  usua l ly  d o r  t h e  a r e a  under t h e  ROC 
curve. A method c a l l e d  t h e  forced-choice procedure permi ts  e s t ima t ion  of t h e s e  
sensory q u a n t i t i e s  with one s e t  of empi r i ca l  d a t a  a s  compared t o  t h e  yes-no 
procedure which r e q u i r e s  5 t o  7 such d a t a  s e t s .  This  r educ t ion  i n  exper i -  , 
mental  e f f o r t  i s  accomplished by s a c r i f i c i n g  informat ion  on t h e  dec i s ion  c r i -  
t e r i o n  adopted by observers  under t h e  exper imenta l  condi t ions .  
1.4.2 - Forced - Choice Method 
I n  a M-al ternat ive forced-choice method, t h e  observer  i s  presented  wi th  
M i n t e r v a l s  (temporal o r  s p a t i a l ) .  One i n t e r v a l  conta ins  a s i g n a l  and t h e  
remainder con ta in  no i se  a lone .  The observer  a t tempts  t o  denote t h e  i n t e r v a l  
conta in ing  t h e  s i g n a l .  
Considering a 2 -a l t e rna t ive  forced-choice procedure, two observa t ions  
x1 and x2 a r e  a v a i l a b l e  from i n t e r v a l  1 and 2 r e s p e c t i v e l y .  This  g ives  r ise 
t o  two l ike l ihood  r a t i o s :  
and 
The assumed d e c i s i o n  r u l e  i s  t h a t  t h e  observ.er endorses t h e  i n t e r v a l  having 
t h e  h igher  l i k e l i h o o d  r a t i o .  That i s :  
[ I n t e r v a l  2 )  [ L X ~  > Lxl 1 
The dependent measure gene ra l ly  employed i n  forced-choice experiments is t h e  
p r o b a b i l i t y  of c o r r e c t .  
Notice t h a t  of t h e  two l i k e l i h o o d  r a t i o s  Lxl and Lx2, one a rose  from 
the  s i g n a l  p l u s  n o i s e  d i s t r i b u t i o n  and one arose  from t h e  nb;ise d i s t r i b u t i o n .  
The p o s s i b l e  s i n g l e  t r i a l  outcomes a r e  shown i n  Table 1-2: 
TABLE 1-2 - FORCED CHOICE PROCEDURE SINGLE TRIAL OUTCOMES 
Likel ihood 
I n t e r v a l  I n t e r v a l  Rat io  I n t e r v a l  
Case 
-
1 2 Re la t ion  Endorsed Resul t  
1 Signa l  Noise Lxl > Lx2 1 Correct  
2 S ignal  Noise Lxl > Lx2 2 Er ro r  
3 Noise S i g n a l  Lx > Lx2 1 Er ro r  1 
4 Noise S i g n a l  Lx > Lx2 2 Correct  1 
" ,  
. . 
Under t h e  cases  where t h e  s i g n a l  i s  i'n t h e  f i r s t  i n t e r v a l ,  
suppose t h a t  Lx2 = L ,  t h e n  t h e  p r o b a b i l i t y  of c o r r e c t  equa l s  t h e  p r o b a b i l i t y  
t h a t  Lxl > L. Considering any va lue  of L: 
/--- 
- ~- 
P ( C ~ L X ~  = L) = P ( L X ~  = L) P ( L X ~  > L) (1-16) 
The second term - P(Lxl > L) - i s  t h e  a r e a  under t h e  d i s t r i b u t i o n  of Lx given 
s i g n a l  from L t o  + -: 
Now suppose t h a t  i n  t h e  yes lno  procedure,  t h e  observer  adopts  a c r i t e r i o n  
l i ke l ihood  r a t i o  (B) e q u a l  t o  L. Then by t h e  yes lno  response axiom: 
So t h a t :  
(1-19) P ( x n L x 2  = L) = P ( L X ~  = L) PL(SIS) 
The t o t a l  p r o b a b i l i t y  - P(C) - is t h e  sum of j o i n t  va lues  P ( C h L x 2  = L) 
over  a l l  va lues  of L: 
+m 
P (C) = 5 P(Lx2 = L) P(Lxl > L)dL 
-m 
Green and Swets (Ref.13 ) have shown t h a t  t h e  r i g h t  hand s i d e  of t h i s  
express ion  depends e n t i r e l y  on parameters  of t h e  yes-no ROC curve i n  such a 
way t h a t  by a change i n  t h e  v a r i a b l e  of i n t e g r a t i o n :  
So t h a t  t h e  p r o b a b i l i t y  of c o r r e c t  i n  a two-a l t e rna t ive  forced-choice t a s k  i s ,  
i n  theory  equal  t o  t h e  a r e a  under t h e  yes-no ROC curve. Green and Swets 
(Ref.13 ) have sunmarized cons iderable  evidence showing t h a t  t h i s  r e s u l t  docs 
hold f o r  empi r i ca l  da ta .  I n  f a c t  one of t h e  s t r o n g  p o i n t s  of t h e  theory  is 
t h e  demonstrated independence of t h e  sensory measures of t h e  experimental  
method employed. 
I n  summary, t hen ,  t h e  i n i t i a l  problem was t o  s p e c i f y  a method f o r  acce lera-  
t i o n  s e n s i t i v i t y  measurement which would be  independent of changes i n  dec i s ion  
behavior .  The theory  of s i g n a l  d e t e c t a b i l i t y  h a s - b e e n  shown t o  a c c o u n t - f o r  
numerous experimental f indings and, according t o  the theory, the probabi l i ty  
of correct  i n  a two-alternative'forced-choice task w i l l  be equal t o  the  area 
under the  yes-no ROC curve and therefore f r ee  of e f f ec t s  of observer decision 
factors.  Accordingly, the forced-choice method was selected ' for  use i n  the 
current study. Signals were defined t o  consis t  of a constant acceleration1 
velocity ramp presented during e i the r  the f i r s t  o r  second of two f ixed dura- 
t ion  temporal in te rva ls .  The subject ' s  task was t o  report  which in t e rva l  
he judged t o  contain a change i n  velocity.  
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